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Communicated by Harland G. Wood, May 30, 1958 


INTRODUCTION 


Evidence for a mechanism of activation of amino acids was first obtained by 
Hoagland et al.? and received further support by the experiments of DeMoss e¢ 
al.? The latter workers showed that synthetic adenyl leucine is converted to ATP 
in the presence of pyrophosphate and a leucine-specific enzyme purified from 
Escherichia coli (reverse of reaction 1): 


oa ? Mg , 
ATP + leucine —— adeny] leucine + PP. (1) 


Adenyl leucine is cleaved non-enzymatically by hydroxylamine with formation of 
amino acid hydroxamate and AMP (reaction 2): 


Adenyl leucine + NH2OH — leucyl hydroxamate + AMP (2) 


This mechanism of amino acid activation is analogous to that first proposed by 
Berg for the carboxyl activation of acetate and methionine by yeast extracts.‘ 
It is consistent with the requirement of an amino acid for pyrophosphate exchange 
into ATP,?~ the failure of AMP to exchange into ATP,!: * and the transfer of O08 
from the carboxyl group of the amino acid to AMP in the over-all reaction (sum of 
reactions 1 and 2).°: ° It has been suggested that acyl adenylates occur only as 
enzyme-bound intermediates and that this accounts for the failure to identify these 
compounds in reaction mixtures with catalytic amounts of enzyme. 4 

The recent purification of a tryptophan activating enzyme in large quantities 
by Davie ef al.6 has made it possible to study this type of reaction with a substrate 
quantity of enzyme and to determine whether the enzyme-bound adenyl amino acid 
exists. The isolation and identification of adenyl tryptophan from the enzymatic 
reaction is presented in this communication. Very recently Karasek et al."° and 
Lipmann'! have reported similar results. 


MATERIALS AND METHODS 


Tryptophan activating enzyme was determined by the hydroxamic acid assay.® 
Specific activities of the enzyme, expressed in umoles hydroxamate per mg. protein 


io6 
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per hour, were about 20 per cent lower than those previously described.* This 
discrepancy may have occurred because the final concentration of hydroxylamine 
was lower in the current assays. 

Protein concentrations were determined by the biuret procedure of Gornell et 
al.’? A solution of salt-free 8-lactoglobulin, whose concentration was determined 
by a dry-weight analysis, was used as a standard. 

The steps for preparation of tryptophan activating enzyme through the first 
acid precipitation were identical with those previously described.6 Thereafter, the 
following procedure was found to be superior. All purification procedures were 
performed at 0°—4° and all centrifugations for 10 minutes. The frozen precipitate 
at pH 4.5 from 15 pounds of beef pancreas was crushed and thawed in 400 ml. of 
cold 0.15 .M KCl. The pH was raised to 6.5 by titration with 0.15 17 NaQH, and 
the enzyme was extracted by stirring the suspension for 45 minutes. Centrifuga- 
tion at 16,000 X g. in a Lourdes (Model SL) centrifuge yielded an active super- 
natant solution containing 15-20 mg. protein per ml. The pH of this solution was 
lowered in successive steps by the addition of 0.15 M acetic acid, and the resultant 
suspensions were centrifuged at 16,000 X g. The addition of acid was gauged 
so that 1-1.5 gm. of precipitate were recovered after each centrifugation. The 
first addition of acetic acid ranged from 40-80 ml., and subsequent additions were 
in the range of 20-40 ml. The precipitates were assayed for enzymatic activity, 
and the most active fractions (usually two or three) were suspended in approxi- 
mately 150 ml. of 0.15. KCl. This stepwise acid precipitation yielded 60—90 per 
cent recovery of activity with a specific activity increase of 4 to 6 fold. 

The precipitates were stirred in the KCI] and were slowly dissolved by the drop- 
wise addition of 0.15 M NaOH to pH 5.5-6.0. The protein concentration was 
adjusted to 15 mg. per ml. by the addition of more 0.15 M KCl. Saturated ice- 
cold (NH,4)2SO, [prepared from (NH,).SO, recrystallized in the presence of 0.001 VM 
versene | containing 2 ml. of 19 M@ NaOH per liter was added to 0.4 saturation. The 
resultant suspension was centrifuged at 16,000 X g. and the precipitate discarded. 
Centrifugation was repeated after the (NH,).SO, saturation was brought to 0.5, 
and the precipitate was again discarded. Further addition of saturated (NH,).S80, 
to 0.6 saturation resulted in a protein precipitate (0.5-0.6 saturation) which con- 
tained 3 to 5 fold the activity of the previous acid precipitate. This fraction had 
200 to 300 times the specific activity of the crude pancreas homogenate. Approx- 
imately 15 per cent of the original enzymatic activity was recovered, with a final 
vield of about 500 mg. of protein. The protein was 50-70 per cent pure, as judged 
by ultracentrifugal analysis. This material, having a specific activity of 35-50, 
was employed for the experiments subsequently described. 

Adenyl tryptophan was prepared by the general procedure of Berg for adeny] 
amino acids.'* 176 mg. L-tryptophan, 300 mg. AMP, 1.0 ml. 1 N HCl, and 1.4 ml. 
H.O were added to 8.0 ml. of pyridine. Dicyclohexyl carbodiimide (4.3 gm.) 
dissolved in 8 ml. of pyridine was then added, and the resultant mixture was stirred 
at 0° for 3 hours. Adenyl tryptophan was precipitated by the addition of 300 ml. 
of ice-cold acetone. The precipitate was extracted with 4 ml. of 0.02 M sodium 
acetate (pH 5.0) and centrifuged. The supernatant solution was placed on a 
column 1.1 cm. in diameter and 21 cm. long of Dowex-1 (X-2, 200-400 mesh, 
chloride form) at 4°. The material was eluted with 0.02 M sodium acetate buffer 
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(pH 5.0), and fractions were assayed for adenine (determined by UV absorption) 
and carboxyl-activated tryptophan (determined by the hydroxamic acid pro- 
cedure). Fractions with a 1:1 ratio of tryptophan and adenine were combined and 
concentrated in vacuo. The adenyl tryptophan was converted to tryptophan 
hydroxamate by incubation at 37° for 10 minutes in 1.0 M neutralized hydroxyl- 
amine. The resulting hydroxamate was assayed with FeCl;.!4 The over-all yield 
of adenyl tryptophan was 10-15 per cent. The freshly prepared material was 95— 
100 per cent pure, as judged by paper electrophoresis and adenine: tryptophan 
ratios. When adenosine was substituted for AMP, little or no hydroxamate- 
positive material was formed. This is consistent with the 5’-phosphate of AMP 
being the point of attachment of the tryptophan. 

Synthetic adenyl tryptophan showed stability characteristics essentially identical 
to those described by DeMoss et al. for adenyl leucine.* Maximal stability was 
observed at pH 2.0-5.0. At pH 7.5-8.0 about 75 per cent of the compound de- 
composed in 5 minutes at 37°, as judged by loss in hydroxamate-forming material. 
On standing in the cold at pH 4-5 overnight about 20 per cent of the adenyl trypto- 
phan decomposed. 

Enzymatic formation and isolation of labeled adenyl tryptophan were carried 
out with substrate amounts of enzyme. Preliminary sedimentation studies with 
a homogeneous preparation (specific activity about 75) indicated a molecular 
weight in the neighborhood of 70,000-90,000. Thus the 30-50 mg. quantities of 
enzyme preparation used in the present experiments would correspond to about 0.2 
0.3 umoles of pure tryptophan activating enzyme. The enzyme was dissolved in 
H.O and adjusted to about pH 7.8 with dilute NaOH. To this solution were added 
0.2 umole of a labeled ATP*® with 10,000—20,000 or 700,000 counts per minute; 
0.4 umole C'*-pi-tryptophan with 19,200 counts per minute; 5 wmoles MgCl.; and 
0.2 mg. crystalline yeast pyrophosphatase in a final volume of 4.5 ml. After a 5- 
minute incubation at 37°, the reaction mixture was cooled to 0°, and 0.5 ml. of 
cold 50 per cent TCA were added. After centrifugation in the cold, a 4.0 ml. aliquot 
of the supernatant solution was brought to pH 2-3 with a mixture of 2.7 ml. of 
0.02 M sodium acetate, pH 5.0, and 1.3 ml. of 1.0 N NaOH. The resulting solution 
was chromatographed on Dowex-1 in the chloride form at 4°. The columns were 
17 cm. in length and 0.9 em. in diameter. The elution was carried out with 0.02 M 
sodium acetate buffer, pH 5.0, and was followed by measuring radioactivity and 
optical density at 260 mu. Adenyl tryptophan was found in the first 30-40 ml. of 
effluent. 

The reaction mixtures were added to the Dowex-1 column at pH 2-3, since the 
adenyl tryptophan is stable at low pH. Under these conditions, 20-30 per cent of 
intact ATP* appeared in the first 30-46 ml. of effluent. This, however, caused 
no difficulty with the complete enzymatic mixture because all of the ATP* had 
been utilized (as shown by paper electrophoresis). The remaining nucleotides 
were eluted from the columns with stronger acid (Cohn and Carter™). When 
synthetic adenyl tryptophan was carried through this isolation procedure, the 
recovery was 70-75 per cent. With the enzymatic mixtures, UV-absorbing material 
present in the enzyme caused the UV absorption to be above that expected from 
the amount of added ATP and tryptophan. 

The radioactivity was determined in stainless-steel planchets after evaporation of 
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the eluting solvent. When both C'* and P* were to be determined, the samples 
were counted before and after covering the sample with Whatman No. 3 mm. 
filter paper disks. The filter paper blocks all the radiation from C'* but only about 
5 per cent of that from P**. Radioactivity from C' was calculated by subtracting 
the P® activity from total counts. Results from this procedure were reproducible 
to +10 per cent. For a few C™ samples which contained over 1 mg. of solid, self- 
absorption corrections were applied, assuming the same self-absorption as found 
with solid BaCQs. 

Nucleotides were separated at 3° by paper electrophoresis'® with 0.05 M sodium 
citrate buffer, pH 3.9. The separation of the various nucleotides was excellent 
after 4-6 hours (300-400 volts, 2-3 milliamperes, on 7 X 21-inch Whatman No. 4 
paper strips). 


+ 


80 ADENYL- 
TRYPTOPHAN Fic. 1.—Typical elution 


i diagram of adenyl trypto- 
60+ phan and tryptophan on 
Dowex-1 under conditions 
identical with those employed 
4.0r TRYPTOPHAN for the isolation of casymar- 
. ically formed adenyl trypto- 
[ | phan. Elution solvent: 0.02 
2.0+ 4 molar sodium acetate buffer, 
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) 
pL-Tryptophan-2-C'! was purchased from Tracerlab. Upon paper chroma- 
tography on Whatman No. 1 paper with n-butanol—acetic acid—water, it gave a 
single ninhydrin-positive spot which contained all the radioactivity. ATP (8-C'*) 
was purchased from Schwarz Laboratories, Inc., and unlabeled AMP from Pabst 
Laboratories. ATP labeled in the a phosphate was prepared from AMP* by the 
method of Ratner and Pappas,” and purified by chromatography (without EDTA) 
on Whatman No. 3 mm. paper in an isobutyric-NH; system.'* Upon column 
chromatography, all the radioactivity was found in the ATP fraction. Dicyclo- 
hexylearbodiimide was purchased from the California Foundation for Biochemical 
Research. The authors wish to thank Dr. David Goldthwait for his generous gift 
of AMP* and Dr. Moses Kunitz for providing crystalline pyrophosphatase. 


RESULTS 


Enzymatic Incorporation of AMP and Tryptophan into Adenyl Tryptophan. 
An elution diagram for separation of tryptophan from adenyl tryptophan with 
0.02 M sodium acetate buffer (pH 5.0) is shown in Figure 1. Synthetic adenyl 
tryptophan passed through Dowex-1 in the first 30-40 ml. of efluent. Tryptophan 
was always separated from the adenyl tryptophan and began to appear after 40- 
50 ml. of buffer had passed through the column. 

It was found that synthetic adenyl tryptophan could not be added as carrier 
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during the isolation of the enzymatically formed compound, since false radioactivity 
values were obtained. This occurs because there is a rapid non-enzymatic exchange 
of AMP* with adenyl tryptophan. The exchange was demonstrated by incubating 
adenyl tryptophan with AMP“ and observing radioactivity in the adenyl tryptophan 
fraction from a Dowex column. The radioactivity was shown to be in adenyl 
tryptophan by its conversion to a ATP* in the presence of the activating enzyme, 
MgCl, and pyrophosphate. 

In contrast, neither chemical nor enzymatic exchange of C' tryptophan into 
adenyl tryptophan was demonstrated. When 10 umoles of adenyl tryptophan were 
incubated with 0.2 wmoles of C'* L-tryptophan and 5 umoles of MgCl, (5 minutes 
at 37°, pH 6.6) with either 0, 2.5, or 54 mg. of enzyme, no radioactivity was found 
in the adenyl tryptophan fraction, although 50 per cent of the adenyl tryptophan 
was reisolated. At this pH, adenyl tryptophan is rapidly converted to ATP in the 
presence of enzyme, MgCl., and pyrophosphate (shown later in Table 2). 


TABLE | 
Tora. AcTIVITY IN ADENYL TRYPTOPHAN FRACTION 
cu >32 
W L CoUcnTs Total Per Cent Total Per Cent 
REACTION MIXTURE LABEI i AppEpD* Counts Recovered Counts Recovered 
Complete t a-ATP# 19,500 14,300f 73 
Tryp-C!* 9,600 », T00§ 
Complete ATP-C!4 9,100 ,850 
Minus ATP Tryp-C!" 9,600 20 
Minus tryptophan a-ATP* 21,600 6,300 29 
Minus MgCl, a-ATP*? 22, 400 6,700 30 
Minus enzyme a-ATP? 0 10,900 3,160 29 
Tryp-C'# 0 9,600 110 | 
TCA-denatured a-ATP# 0 10,900 2,290 21 
enzyme Tryp-C'* 0 9,600 100 l 


0 
0 
0 
0 
0 
0 


2 
2 
1 
2 
2 
2 
2 
2 
2 
2 


* Calculated on the basis of L-tryptophan. Complete reaction mixture contained 30-50 mg. enzyme, 0.2 wmoles 
ATP, 0.2 wmoles L-tryptophan, 5 ymoles MgCls, 0.2 mg. pyrophosphatase, in a final volume of 4.5 ml., pH 7.8 

t+ Average of five experiments. 

¢ Standard deviation of +900. 

§ Standard deviation of +700. 

Radioactivity due to intact ATP. 

Table 1 shows the results of a series of experiments with C'*-pL-tryptophan and 
a-labeled ATP**. Seventy-three per cent of the P* and 70 per cent of the C'™ 
from equimolar amounts of ATP and L-tryptophan were present in the first 30 ml. 
of the effluent from a complete reaction mixture. Intact ATP was not present 
in this fraction, as demonstrated by paper electrophoresis. Since only 70-75 per 
cent of synthetic adenyl tryptophan was recovered when it was added to TCA, 
buffered, and chromatographed in an identical manner, it appeared that there 
was approximately 100 per cent conversion of the labeled substrates to adenyl 
tryptophan. 

When the ATP was labeled with C' instead of P*? and was added to a complete 
reaction mixture, 53 per cent of the added label was found in the first 30 ml. of 
effluent. This experiment demonstrates that the initial effluent contained the 
purine moiety as well as the 5’ phosphate of the added ATP. 

Without ATP, no label from C'* tryptophan appeared in the initial effluent. 
Thus the formation of the compound was shown to be ATP-dependent. 

When enzyme, tryptophan, or MgCl. was omitted from an otherwise complete 
reaction mixture containing labeled substrate(s), 20-30 per cent of the a-labeled 
ATP*® and no label from C'* tryptophan appeared in the adeny! tryptophan fraction. 
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Similar results were obtained when TCA-denatured enzyme was added (Table 1). 
In these control experiments, the radioactivity in the adenyl tryptophan fraction 
was present as intact ATP, as shown by paper electrophoresis. Thus ATP, trypto- 
phan, MgCl», and enzyme are required for the formation of adeny] tryptophan. 
Characterization of Enzymatically Formed Adenyl Tryptophan.—Figure 2 shows 





CATHODE 


UNKNOWN UNKNOWN AMP-TRYP 
+ 


AMP-TRYP 
AMP-TRYP 
@|D Fic. 2.—Electrophoretic pat- 


starting tern of enzymatically formed 

POSITION adenyl tryptophan separated 
on Dowex-1. Run in 0.05 M 

AMP citrate buffer, pH 3.9. 
Circled spots represent UV- 
absorbing material, and 
shaded areas represent P*? 
radioactivity as demonstrated 
by a radioautogram. 


W 








O 


ANODE 








an electrophoretic pattern of the material isolated by Doxex-1 chromatography from 
an enzymatic reaction mixture to which a-labeled ATP* was initially added. In 
0.05 M sodium citrate, pH 3.9, the chemically synthesized adenyl tryptophan 
carried a slight positive charge and moved toward the cathode. Nucleotide stand- 
ards (AMP, ADP, and ATP) migrated toward the anode. Paper electrophoresis 
of the unknown compound in both the presence and the absence of chemically 
synthesized adenyl tryptophan gave a radioactive spot shown by radioautograph to 
coincide with the U.V. absorption. Owing to the presence of salt in the unknown, 
both the unknown and the unknown with added adenyl] tryptophan migrated a little 
slower than did the adenyl tryptophan standard. A small amount of radioactivity 
(10-15 per cent) appeared in the AMP region because of hydrolysis of the enzymati- 
cally formed adenyl tryptophan. No intact ATP was demonstrated. 

When the chemically synthesized adenyl tryptophan was incubated in the pres- 
ence of activating enzyme, MgClo, phosphate buffer, and pyrophosphate at pH 6.6, 
it was converted to ATP. The ATP was identified by paper electrophoresis. The 
P*?-labeled compound which had been isolated from the enzymatic reaction mixture 
by Dowex-1 chromatography behaved in a similar manner. The labeled ATP was 
identified by paper electrophoresis, paper chromatography, and column chroma- 
tography. Table 2 shows the recovery of P*? in ATP arising from the enzymatic 
P**-labeled adenyl tryptophan. The products were separated by column chroma- 
tography in the presence of carrier ATP. Sixty-three per cent of the radioactivity 
in the adenyl tryptophan was recovered as ATP. Some of the adenyl tryptophan 
was converted by non-enzymatic hydrolysis to free AMP and tryptophan. There 
was some myokinase and adenosine triphosphatase activity in the activating enzyme 
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which converted part of the ATP to ADP. Thus these experiments indicate that 
at least 70 per cent of the P* in the material obtained by Dowex-1 chromatography 
of the complete enxymatic reaction mixture was in adenyl tryptophan. In the 
absence of enzyme or pyrophosphate, ATP was not formed, although about half of 
the adeny] tryptophan was hydrolyzed to free AMP. This non-enzymatic hydroly- 
sis was similar to that obtained with chemically synthesized adenyl tryptophan 
under the same conditions. 


TABLE 2 
ENZYMATIC FORMATION OF LABELED ATP From P*? LABELED ADENYL TRYPTOPHAN 
Totat Counts ——AMP-Trrp— ———— AM Pp-—--—-— ——-ADP-———- — 


ADDED AS Total Per Cent Total Per Cent Total Per Cent Total Per Cent 
System AMP-Trrp Counts Recovered Counts Recovered Counts Recovered Counts Recovered 


Complete* 106,000 740 0.7 18,800 18 18,300 17 67 ,000 63 
Minus 

enzyme 111,000 44,000 40 60,000 54 4,100 2 800 <1 
Minus PP 111,000 50,000 45 53,000 48 3,600 2 1,000 1 


* Complete reaction mixture contained 2.5 mg. enzyme, 30 wmoles MgCle, 0.5 wmoles pyrophosphate, 0.1 smoles 
enzymatically formed adeny! tryptophan, 150 wmoles phosphate buffer, pH 6.6, in a volume of 3.0 ml. Column 
chromatography was carried out on a 1.0-ml. aliquot in the presence of 5 wmoles of carrier ATP. 

The enzymatically formed adenyl tryptophan labeled with P*® and C' was 
further characterized by converting it to AMP and tryptophan hydroxamate with 
neutral hydroxylamine. The products were identified by column chromatography 
on Dowex-l. The C'*-tryptophan hydroxamate was eluted with 0.02 1 sodium 
acetate buffer (pH 5.0) and moved near the solvent front in a position identical to 
adenyl tryptophan and separate from free tryptophan. The P* radioactivity was 


TABLE 3 
DECOMPOSITION OF ADENYL TRYPTOPHAN BY HYDROXYLAMINE 
Counts ADDED AS Counts REcovERED as-—— 


—ADENYL TRYPTOPHAN-— C'%-Tryptophan 
cu p32 Hydroxamate AMP#2 


1,700 2,700 1,150 2,300 

2,530 2.670 2) 160 2,560 
recovered in the AMP fraction (Table 3). The results show that approximately 
equimolar amounts of tryptophan hydroxamate and free AMP were formed from 
the compound. The results also show that the carboxyl group of the tryptophan 
was activated in the adenyl tryptophan compound, since it reacted with hydroxyl- 
amine. 

DISCUSSION 
The preparation of large quantities of a highly purified enzyme from beef pan- 

creas has made it possible to use substrate amounts of enzyme to study tryptophan 
activation. When equimolar equantities of a-ATP*® and t-C'*-tryptophan were 
used, 60-80 per cent of the isotope of each label was recovered in adenyl tryptophan. 
This provides direct evidence that this compound is the major product formed by 
the reaction: 


. Met? 
Enzyme + ATP + tryptophan———enzyme (adeny] tryptophan) + pyrophosphate 


——— 


The carboxyl-activated amino acid apparently does not occur in free solution; 
therefore, its absolute concentration would never be greater than the molar concen- 
tration of the enzyme (assuming one active site per mole of enzyme). The present 
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results using enzyme preparations of 50-70 per cent purity are consistent with 
such a tight binding and stoichiometry. 

The present results differ from those of Karasek et al.,'° who recently found two 
C'*-labeled compounds in a reaction mixture containing C'*-labeled tryptophan and 
substrate quantities of enzyme. The main compound obtained was characterized 
as adenyl tryptophan by paper electrophoresis and hydroxamate formation, but 
contained only 1.2 per cent of the added radioactivity from L-tryptophan. These 
investigators also described an enzymatic exchange of C'*-tryptophan into adenyl 
tryptophan. In the absence of published information concerning the purity of the 
enzyme and the recovery of synthetic adenyl tryptophan, it is difficult to determine 
whether adenyl tryptophan was the major reaction product. Moreover, in our 
system, an enzymatic exchange between tryptophan and adenyl tryptophan was 
not demonstrated. Discrepancies between our results and those of Karasek et al. 
might be explained by the different techniques employed. In the present studies 
the adenyl tryptophan was further characterized by its enzymatic conversion to 
ATP and by the 1:1 stoichiometry of the AMP and tryptophan portions of the 
molecule. 

The value for the equilibrium constant for the formation of enzyme-bound 
adenyl tryptophan in the absence of pyrophosphatase was not determined, since 
this would have required a homogeneous preparation of known molecular weight. 
If the energy level of enzyme-bound adenyl tryptophan is similar to that of adenyl 
acetate'® or adenyl amino acids in free solution, then the equilibrium for this 
reaction would be primarily in the direction of ATP. In the presence of pyrophos- 
phatase the reaction would shift in the direction of enzyme-bound adeny! trypto- 
phan. 

The rapid non-enzymatic transfer of tryptophan from the adenyl tryptophan to 
the phosphate of free AMP as shown by the incorporation of AMP*® into adenyl 
tryptophan, might be analogous to the transfer of activated amino acids to soluble 
RNA.*-*? The present experiments do not indicate whether or not this transfer 
to free AMP could occur with enzyme-bound adenyl tryptophan. 

The tight binding of acyl adenylates to their specific enzymes, as proposed by 
many workers,?~ protects these reactive intermediates from spontaneous hydroly- 
sis, interaction with themselves, or interaction with other-ill-defined acceptors. 
Such binding also accounts for failure to obtain acyl intermediates with catalytic 
enzyme concentrations. It appears that these compounds are released from this 
binding only by denaturation of the enzyme, by reaction with high concentrations 
of hydroxylamine, or by reaction with the soluble RNA acceptors first described 
by Hoagland and Zamecnik.” Studies on the nature and stoichiometry of this 
binding are now in progress. 


SUMMARY 
Acyl adenylates have been proposed as the active intermediates in the carboxyl 
activation of fatty acids and amino acids. These intermediates have been difficult 
to isolate, and it has been suggested that they occur bound to the enzyme. To test 
this hypothesis, substrate amounts of tryptophan activating enzyme were pre- 
pared. Stoichiometric amounts of enzyme, C'!*-L-tryptophan, and a-ATP® 
were reacted, and adenyl tryptophan was isolated after denaturation of the enzyme. 
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The properties of this compound were identical with those of chemically synthe- 


sized adenyl tryptophan as judged by paper electrophoresis, column chromatography 
on Dowex-1, and decomposition by hydroxylamine and water. The C' to P# 
ratio in the compound confirm the composition, and the enzymatic conversion to 
ATP demonstrate the high energy linkage. A chemical synthesis of adenyl trypto- 
phan and an improved method for purification of the tryptophan activating 
enzyme are presented. 


* This investigation was supported in part by research grants from the U.S. Public Health 
Service (RG-5303-C-1 and A-1630). 

The following abbreviations are used in this paper: AMP, adenosine-5’-phosphate; ADP, 
adenosine diphosphate; ATP, adenosine triphosphate; AMP-tryp, adenyl tryptophan; UV, 
ultraviolet; EDTA, ethylenediaminetetraacetic acid; PP, pyrophosphate; TCA, trichloroacetic 
acid; P%?, radioactive phosphate; C!*, radioactive carbon; RNA, ribonucleic acid. The three 
phosphorus atoms of ATP! are distinguished as a, 8, and y, thus: adenosine P*P*P”, 

+ Post Sophomore Research Fellow, U.S. Public Health Service. 

¢t Russell M. Wilder Fellow of the National Vitamin Foundation. 
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A PSEUDOVECTOR NUCLEAR HYPERFINE INTERACTION* 
HarpDEN M. McConnetit 


GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA 4, CALIFORNIA 


Communicated by Richard M. Badger, June 18, 1958 


In many studies of nuclear hyperfine interactions in polyatomic molecules and 
solids it has been assumed that the electron spin § and nuclear spin J are coupled 
through a symmetric dyadic S, corresponding to a hyperfine spin Hamiltonian, 


Dny = S-S-I- (1) 
When @ is referred to a set of principal axes z, y, z, D,y takes the familiar form, 
Dry et S,S,1, + S,S,l, + S.S.I,- (2) 


The purpose of the present brief note is to describe an extremely simple model that 
illustrates the necessity of generalizing (1) to include a pseudovector hyperfine 
coupling: 


Day = S-S-1+ V-(S X I). (3) 


In equation (3), Vis a pseudovector fixed in the molecule or ionic complex. 

The Model.—Consider a molecule containing a paramagnetic metal ion P and a 
magnetic nucleus X located in some other atom. For simplicity, let the molecular 
framework about P have an n-fold axis of symmetry that passes through P, where 
n 23. Thissymmetry axis is parallel to the unit vector x in Figure 1. The vector 
r is drawn from P to X, and the direction of « is defined so that x-r = r cos x is 
positive. The unit vector A is defined by the equation r = xr cos x + Ar sin x. 
In general, the Zeeman spin Hamiltonian for the coupling of an electronic spin of a 
paramagnetic ion to a uniform field ZH is ! 

S = |8|S-g-H, 
where the spectroscopic splitting g dyadic is 


g9 = *Kg; + (hh + Oo) 9) (5) 


and where @ = x X A. Assume the ion P to be far enough away from X that the 
field at P due to the nuclear magnetic moment yAl is uniform over the effective 
volume of P. The field at P due to the nuclear moment is 


H, = yhT-I, (6) 


] ; 
fT = = [3rr/r? — U] (7) 


and where U is the unit dyadic. From equations (4) and (6) we obtain the hyper- 
fine spin Hamiltonian, 

— | 

Gry = |B) y~hS-g-T-1. (8) 
The dyadic | 8| yig-T is not symmetric but can be written as the sum of symmetric 
and skew symmetric dyadics: 
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|8| vig, T= S+ E. 


For the problem at hand, 


(9; — g,)(cos x sin x)(*%h — hr). (10) 


3 . 
E= _ yh|B 


r 3 


The hyperfine coupling via the skew symmetric dyadic can also be written as the 
scalar product of two pseudovectors, 


-E-IT= V-(S X I), (11) 


where 


a a : 
V = a wyh B : (9) — 91) COS x SIN x. 
9 r 


Therefore equation (3) rather than Equation (1) is the general form for the spin 
Hamiltonian when g, ¥ g,, ane x ¥ 0, + S. 


x 


P 
Fic. 1—Pseudovector coupling between an electron 
spin situated at P and a nuclear spin at X. 

Remarks.—In classical terms, the symmetrical dyadic interaction (1) or (2) is 
one which tends to orient the spins S and J parallel or antiparallel to one another, 
and along zx, y, or z, depending on whether S,,, S,,, or S,, is the largest. On the 
other hand, the pseudovector coupling (11) is one which tends to orient the spins 
S and J perpendicular to one another and to keep both spins in the plane of * and 
h in Figure 1. The pseudovector contribution to the hyperfine interaction can 
produce first-order effects on the hyperfine structure of paramagnetic resonance 
spectra. In fact, for certain parameters of our model, 3 cos? x — 1 = Oandg, = 0, 
the asymmetric nature of the coupling is dominant; i.e., the only coupling is be- 
tween S, and J,. Comparable effects may also exist and be observable for electron- 
electron spin coupling. 

* Sponsored by the Office of Ordnance Research, U.S. Army. 

+ Alfred P. Sloan. Fellow. 


t Contribution No. 2364. 
1M. H. L. Pryce, Proc. Phys. Soc. A, 63, 25, 1950. 





ON THE NATURE OF THE GARNET LOCUS IN 
DROSOPHILA MELANOGASTER* 


By W. M. Hexter 


DEPARTMENT OF BIOLOGY, AMHERST COLLEGE, AMHERST, MASSACHUSETTS 
Communicated by Curt Stern, June 16, 1958 


In the past few years several preliminary articles have appeared on the nature of 
the garnet locus in Drosophila melanogaster.'! These publications have suggested 
that garnet is a pseudoallelic locus and further that garnet underwent ‘‘mutations”’ 
not associated with crossing over. Just recently Chovnick? has presented a more 
complete description of his garnet-locus analysis. In that paper he presents three 
interesting ideas: (1) genic structure in Drosophila is not different from that of 
micro-organisms; (2) garnet is a pseudoallelic locus; and (3) aberrant segregations 
occur at the garnet locus. It will be the purpose of this paper not to comment 
on point 1 but to present additional data bearing on the second and third items, 
which may modify the conclusions already drawn by Chovnick. This article will 
represent an elaboration of the data already in press.* 

Chovnick’s analysis was based on the recovery of chromosomes with a non- 
mutant genotype from females who had a garnet mutant in each X chromosome. 
He did not make use of a tetrad or partial tetrad analysis, such as is possible in 
Drosophila by means of females with attached-X chromosomes. Failure to do this 
often results in the inability to recover chromosomes with both mutants, should such 


chromosomes arise by crossing over within a pseudoallelic locus. This difficulty 
was clearly stated by Sturtevant,‘ who said that lack of confirmation of the double 
mutant leaves open the possibility of mutations (now called ‘‘gene conversions’’), 
as previously described by Demerec.® The data to be presented here can be 
interpreted as striking affirmation of Sturtevant’s foresight. 

Four garnet ‘‘alleles’’ were analyzed: g*, g*, g*, and g**. The last-named results 
in an orange-colored eye, while the first three give brown eyes. These two pheno- 


b 


types are clearly distinguishable. The three brown “‘alleles’’ were received from 
three different laboratories and presumably are independent mutations at the 
garnet locus. Whether or not this is, in fact, true has no bearing on the interpreta- 
tion to be presented. Three independent tests were performed, utilizing attached-X 
females. In every test, one of the attached-X chromosomes had g*** sd. The 
other attached-X chromosome had wy? and either g?, g*, or g*. The locus of wy? is 
2.5 units to the left, and sd is 7.1 units to the right of g. Females were mated singly 
by several y*!“sc'w* B lz° males, hereafter referred to as FM1.6 Whenever a female 
with wild-type eye was recovered, she was mated singly with several FM/ males to 
verify her genotype. In addition, the sisters of the wild-type female were classi- 
fied, and several of the sisters heterozygous for garnet but phenotypically normal 
for the other markers were further mated singly with several F M1 males. These 
last precautions were necessary to verify that the genotype of the mother of the 
wild-type female was as originally synthesized. In every case it was established 
that the mother of the recovered wild-type female had the markers wy? and sd in the 
original synthesized locations. 
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TABLE 1 


Resutts oF Tests oF ATTACHED-X FreMALES HeTEROzYGOUS FOR g°*4 sd AND EITHER wy?g?, 
wy?g3, oR wy%g! 
No, Wild- Percentage 
Alleles Type Females Total No. Wild-Type Females 
Tested Recovered Females Tested Recovered 
g?—g584 4 78,843 0.005 
g?-gs%4 5 95, 139 0.005 
g*-g**4 3 50,031 0.006 


Total 12 224,013 0.005 


The results of these tests are presented in Table 1. It can be seen that in each 
test wild-type females were recovered and that the frequency of recoveries was not 
significantly different for any test. The similarity to the frequencies reported by 
Chovnick? is apparent. 

Of more significance, however, is the complete genotypic description of these 
wild-type females. This can be determined partly by phenotypic examination of 
the female and more completely by progeny testing the wild-type female. Owing 
to crossing over between the rightmost marker and the kinetochore, the two at- 
tached-X chromosomes can become homozygous, and thus a complete genotypic 
description of the wild-type female is possible. 


TABLE 2 
PHENOTYPES OF RECOVERED WILD-TyPpE FEMALES AND RESULTS OF PROGENY TESTS 
Wavy SCALLOPED 
FEMALES -FEMALE 
Wiip-Type Femates Genotype of X Genotype of X 


ALLELES Genotype of X Chromosomes Chromosomes Chromosomes 
TESTED g’'/wysd wy2g?t/ sd wy2g>t/wy%sd sd /g°34gd 


g?-g°*4 3 0 ] 0 
gq 53d 1 1 ¢ 0 
g* g°34 1 0 l 


Total 5 1 5 1 


The results of the progeny test are listed in Table 2. With two exceptions, to be 
discussed later, the wild-type females can be interpreted as resulting from crossing 
over within a pseudoallelic locus. The locus of g°** would be assumed to be to the 
left of g?, g*, or g*, resulting, therefore, in a wild-type female whose two X chromo- 
somes should be wy? sd/g°*“g? (reciprocal crossover) or a wavy-winged female whose 
two X chromosomes should be wy?sd/wy?g? (non-reciprocal crossover). If this 
hypothesis is true, then from the reciprocal crossover the chromosome other than 
the wy? sd chromosome should bear the double mutant, g°** g*. It was expected 
that such double mutants would be orange in phenotype, but, in fact, this chromo- 
some resulted in brown-eyed flies (symbolized as g’"). 

To test further the possibility of this chromosome bearing the double mutant, 
detachment of the X chromosomes was obtained, and the detached presumed 
double mutant chromosome was made heterozygous with an X chromosome bearing 
sd. The male progeny from such a heterozygous female were scored for the ap- 
pearance of orange-eyed males, which would confirm the presence of both mutants. 
The results of these tests are listed in Table 3. It can be seen that no orange- 
eyed males were recovered in over 350,000 progeny tested. Based on an expected 
frequency of recombination between garnet pseudoalleles of 0.005 per cent (Table 1), 
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19.3 orange-eyed males would be expected. The probability that this deviation is 
due to chance is less than 0.001. 
TABLE 3 
ReEsutts oF Test oF PRESUMED DouBLE Mutant CHROMOSOME 


No. Orange-eyed Total No. Expected No. 
Males Recovered Male Progeny Orange-eyed Males 


0 90, 104 4.6 
0 153,994 
0 115,305 


Total 0 359 , 403 


In addition to this genotypic evidence, further phenotypic information was ac- 
cumulated to suggest that, in fact, the presumed double mutant chromosome did 
not contain the g°** allele. Besides the obvious difference in phenotype between 
the orange-eyed g*** and the brown-eyed alleles, two other phenotypic tests were 
used to discriminate between garnet alleles. One test involved an interaction 
between g and w*, and the second test involved the results obtained if g was made 
heterozygous with a deficiency for the garnet locus (Df(1) g' f B). The results of 


TABLE 4 


Eye CoLor OBTAINED FROM DIFFERENT GARNET ALLELE COMBINATIONS AND INTERACTIONS 


Phenotype if Phenotype in 
Heterozygous with Combination 
Allele Tested Phenotype Df(i) g!fB with w* 


g*, 9°, 9 
53d 


4 Brown Brown Lemon 
( Orange Orange White 
*g2g8td, g3gh8d, gigsad Brown Brown Lemon 


* Presumed double mutant. 


these phenotypic tests are in Table 4. It is seen that all phenotypic tests are 
consistent with the notion that g°* is not present in the presumed double mutant 
chromosome. This evidence, together with the failure of segregating g*** by 
crossing over from the presumed double mutant chromosome, can only lead to the 
conclusion that the double mutant has not occurred and that, therefore, at least 
some of the 12 wild-type females have arisen by means other than crossing over 
within a pseudoallelic complex. 

How, then, are these wild-type females accounted for? As already stated*® and 
in agreement with Chovnick? it is suggested that these wild-type females arise by 
“conversion” of g*** to wild type. Accompanying this conversion is crossing over 
between the markers wy? and sd. This phenomenon can be interpreted as being 
similar to that already reported in other organisms’ and by Demeree’ in Drosophila. 
Although definitive evidence is lacking, it is not extravagant to suppose that the 
wavy-winged females also arose by conversion of g°** to wild type, accompanied by 
a non-reciprocal crossover between wy? and g. 

The concept of gene conversion as opposed to crossing over within pseudoalleles 
is further strengthened by examination of the two wild-type females not yet 
discussed (Table 2). The wild-type female whose chromosomes proved to be 
wy’g"/sd can be most simply interpreted as a conversion of g*** to wild type not 
accompanied by any crossing over. Another interpretation considered less likely 
involves a double crossover between g? and wy?, a distance of only 2.5 units. The 
scalloped female whose chromosomes proved to be sd/g*** sd can most likely be 
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interpreted as a conversion of g°*’ to wild type accompanied by a crossover to the 
right of sd. Not excluded as an explanation for this female is the improbability of 
a triple crossover between wy? and the kinetochore, a distance of approximately 
25 units; as part of this triple would be a double between wy? and g*. 

If the ideas presented here are correct, then it is to be concluded, as has been 
done, ? * that the garnet locus is capable of exhibiting the phenomenon commonly 
known as gene conversion. It is to be emphasized that evidence for pseudoallelism 
is comp.etely lacking. The assumption of a non-complex locus could clarify several 
interesting observations reported by Chovnick.* He stated that autosomal in- 
versions had no effect on increasing the recombination frequency in the garnet 
region of the X chromosome. While it is true that this region of the chromosome 
may not be susceptible to the effect of inversions, it must also be suggested that the 
failure of the inversions to increase recombination is due to the fact that the garnet 


locus cannot be split by crossing over. Further, lack of evidence for pseudoallelism 


removes the concern of the discrepancy of distances noted by Chovnick. In 
fairness, however, it should also be asked why there is no conversion between g 
and g*. No answer to this question is immediately apparent. 

Although the data are few, it is interesting to note in this work that all the 
assumed conversions involve only the g°* allele. 

Summary.—Evidence from an attached-X analysis of the garnet locus in D. 
melanogaster lends support to the idea that this locus exhibits the phenomenon of 
gene conversion. The failure to recover the double mutant chromosome suggests 
that earlier conclusions concerning the complexity of the garnet locus may be 
subject to revision. 


The author wishes to acknowledge the technical assistance of Mrs. Phyllis 
Russell. 


* Supported by research grant RG-C-4599 from the National Institutes of Health. 
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ACTION OF RADIATION ON MAMMALIAN CELLS III. 
RELATIONSHIP BETWEEN REPRODUCTIVE DEATH AND INDUCTION 
OF CHROMOSOME ANOMALIES BY X-IRRADIATION OF EUPLOID 

HUMAN CELLS IN VITRO* 


By TuHreopore T. Puck 
UNIVERSITY OF COLORADO MEDICAL CENTER, DENVER 


Communicated by H. J. Muller, June 18, 1958 


In earlier papers, quantitative determination of survival curves for the reproduc- 
tive function of single mammalian ceils exposed to X-irradiation was described.': *: * 
A variety of human and animal cells displaying both normal and aneuploid karyo- 
types was studied and found to possess surprisingly low values for the mean lethal 
dose for colony formation, (Do), all the different values obtained lying within the 
range of 50-160 r for mammalian cells and approximately 300—400 r for those of the 
chick. Of the human strains, aneuploid, epithelial-like cells were generally some- 
what more radio-resistant than euploid, fibroblast-like cells, but the duration of 
the period of in vitro culture and the organ of origin of the cell lines examined had no 
discernible effect on the shape of the survival curve. Most of the animal cell 
lines unequivocally exhibited a hit number of approximately 2; some cells yielded 
curves whose extrapolation to zero dose was sufficiently uncertain as to fit a hit 
number anywhere between 1 and 3; and at least one animal cell studied by us 
appears to approximate a 1-hit curve.4 

From analysis of these curves and other data, it was concluded that the primary 
event leading to loss of cellular ability to multiply indefinitely is most commonly 
chromosomal damage.* By analogy with chromosomal radiation damage in other 
living systems, * ® it was considered that the chromosomes of mammalian somatic 
cells, too, could exhibit either a generalized stickiness if the irradiation occurred 
during mitosis’ or chromosome breaks which could be followed either by approxi- 
mately normal restitution or by the various rearrangements which have been 
documented in Drosophila, Tradescantia, and other forms. Reproductive death 
of irradiated mammalian cells whose curves are truly 1-hit might in some cases 
result from the genic and chromosomal imbalance attending the loss of chromosomal 
material as a result of an unrestituted break and in other cases, perhaps more 
frequently, from the formation of a mitotic bridge, disorganizing in its effect on 
subsequent divisions, by the dicentric isochromatid fragment resulting from a 
break. In the cells exhibiting multiple-hit survival curves, reproductive death 
would occur through the intensification of both these factors. This interpretation, 
while demanding a relatively high yield of chromosome mutations per roentgen, 
explained the general shape of the survival curves; accounted for the low magnitude 
of the observed lethal doses for the mammalian cells studied; correctly predicted 
that most of the survivors of irradiation with 5-7 lethal hits would form new clones 
with mutant characteristics; and permitted various aspects of the radiation biology 
of the mammalian somatic cell to be understood in terms of the principles already 
established for other living forms.®° Further support of this interpretation was 
obtained from examination of the chromosomal constitution of several clonal strains 
of cells surviving irradiation equivalent to about 6 lethal hits. All the four cell 
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lines so far studied have exhibited chromosome constitutions markedly different 
from that of the original, unirradiated clonal stock.*: * 

If the Do value as here described is indeed a measure of the sensitivity to radiation 
damage of mammalian chromosomes, chromosomal aberrations in mammalian 
cells should be visualized in considerable numbers after X-irradiation with doses 
in the vicinity of the Do value for the particular cell employed. However, it is not 
possible to predict the expected frequency of such anomalies in stained mitotic 
preparations resulting from irradiation of large cell populations. This follows 
because of several complications which tend to upsét the proportion of mitoses 
among cells damaged by radiation, as compared with those that have escaped with 
little or no deleterious effect: cells damaged slightly by radiation exhibit a lag in 
reproduction; hence their proportion may be reduced in subsequent harvests of 
mitoses ;! mammalian cells which have suffered reproductive death as a consequence 
of irradiation may reproduce for only one or a few cell generations and, hence, may 
not be adequately represented in the sample of mitoses which is collected at a given 
period;? and, finally, following a time distribution not yet defined for mammalian 
cells but undoubtedly influenced strongly by the culture conditions, chromosome 
breaks tend to become restituted, so that evidence of damage remains only for 
those hits which have taken part in readily recognizable, gross rearrangements or 
which have formed chromatid or isochromatid fragments. 

These three factors operate to decrease the number of visible breaks over those 
that may actually contribute to cell reproductive death. In Tradescantia it has 
been estimated that because of these factors only one-twentieth of the breaks 
produced are visualized. Hence the most that can be expected from counting of 
simple chromosomal abnormalities induced by various radiation doses is a minimum 
value for the yield of chromosomal aberrations per roentgen, and this number 
would vary with the conditions of cell growth and the incubation time allowed 
between irradiation and fixation of the cells and with the physiologic state of the 
culture employed. Moreover, since the operation of each of these distorting factors 
is itself dose-dependent,' this technique may be expected to produce considerable 
scatter when the number of abnormalities per roentgen per mitosis is measured at 
different radiation doses. 

The first such estimate for euploid human cells was recently published by Bender, ® 
who demonstrated 11 chromatid deletions, 41 isochromatid deletions, and 4 chro- 
matid exchanges in a survey of almost 1,000 mitoses gleaned from epithelial-like 


cells originating in a human kidney and irradiated in vitro with 0, 25, or 50 r. 
The Dy value for these cells was not specified. An average yield of 0.003 chromo- 
some breaks per cell per roentgen (or about 300 roentgens per hit per mitosis) was 


calculated for these cells. 

Similar experiments to evaluate an upper limit for the dose needed to produce 
chromosomal damage were undertaken in this laboratory with cells of a type whose 
Dy had been determined. The following consideration was used as a basis for 
improvement of this estimate. For irradiation less than the mean chromosomal- 
damaging dose, single hits should be mainly in evidence. At exposures beyond 
this value, however, complex chromosomal rearrangements indicative of inter- 
actions between multiple chromosomal hits in the same cell should appear in ap- 
preciable numbers. Hence, by noting the lowest dose at which dicentric and 
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similar translocations begin to appear in noticeable numbers, a minimum estimate for 
the mean chromosome-damaging dose can be secured which is independent of that 
obtained by scoring the total number of hits of all kinds. 

In the experiments here to be reported, euploid, human, fibroblast-like cell 
strains were employed. The Dy for colony formation by such cells had been shown 
to lie between 50 and 60 r;? so attention was devoted to irradiation with doses on 
either side of this figure, in order to determine whether the distribution of single- 
and multihit chromosomal abnormalities would follow the course to be expected 
on the basis of the foregoing considerations. Moreover, in order to minimize the 
complications due to radiation-induced lag periods, an attempt was made to pro- 
vide maximally favorable medium and growth conditions to permit cells damaged by 
the irradiation experience to divide with a rate as nearly as possible approaching 
that of their undamaged and presumably more self-sufficient neighbors. Methods 
were devised for growth of fibroblast-like human cells in culture under conditions 
which produce a maximum rate of cell division (generation time of approximately 
18 hours) and which permit unlimited cell growth in vitro without development of 
the chromosomal anomalies which heretofore were considered inevitable for normal 
mammalian cells in tissue culture.'! Cell cultures originating from normal skin 
of four different individuals were used in the present experiments. Some of these 
cells were previously grown in vitro for more than 4 months and 50 generations, 
while others were used within 2—3 weeks of the initial biopsy. All these cell lines 
possessed normal karyotypes of exactly 46 chromosomes, and all exhibited similar 
patterns of chromosome aberrations on irradiation. Examination of the chromo- 
somal constitution of these cells with and without irradiation was carried out by 
means of the method recently developed in which the cells are fixed on the glass in 
the same positions in which they have grown.'? The incidence of polyploidy in 
these cells was less than 3 per cent. 

Replicate inocula of about 2 X 10* cells were plated as described,'* in pretested 
medium fortified with fetal calf serum.'! The plates were incubated for a period 
of 48 hours or more and then irradiated with doses of X-rays varying from 0 to 
150 r. Test and control plates received identical treatment except for the 
specific radiation exposures. The latter were administered by a constant-voltage 
Westinghouse machine operated at 230 KVP and 15 m.a. and filtered by means of 
0.5 mm. of copper, 1 mm. of aluminum, and 2 mm. of glass. The dose rate was 
usually 143 r/minute, although a few points were taken at 50 r/minute, without 
any apparent change in result. After irradiation, incubation at 37° C. was re- 
sumed for periods varying from a minimum of a few minutes to a maximum of 7 
days, although most of the cells were fixed within 72 hours. The factors which 
affect the yield of various chromosome aberrations respond differently to differences 
in this post-irradiation incubation period; hence it seemed advisable to use a 
variety of incubation periods in this initial survey. 

In some cases the radiation survivors were grown out into new stocks, from which 
clones were picked by the methods previously described." 

In scoring chromosomal abnormalities on irradiated plates, only those were 
counted which were unequivocal. In the unirradiated plates, however, even 
questionable anomalies were often counted, to insure that, if any subjective element 
were involved, it could only distort in the direction of minimizing the number of 
chromosome aberrations attributable to the radiation. 
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Experimental Results A summary of all the experimental data collected is 
presented in Table 1. At doses well below 50-60 r, the Do value for cell multiplica- 


TABLE 1* 
SinGie-Hitr ABERRATIONS 
Presence of 
No. oF Single Double One or More 
Dost M1rToses Chromatid Chromatid Achromatic “Sticky” MULTIHIT 
ROENTGENS) ScoreD Breaks Breaks Regions Chromosomes ABBERATIONS 


0 116 22 l l l I 

10 3 0 0 0 0 0 
20-25 33 6 I 0 0 0 
10—50 20 37 } 0 y l 
75 101 113 ys 7 : 

150 26 26 : bel 10 


Total 299 204 34 16 i) 26 

* Single-hit aberrations are chromosomal defects caused by a single ionizing event and include a complete break 
in one chromatid only; a break in both chromatids at the same point, presumably reflecting a break in the chromo- 
some before it has doubled; an achromatic region in which the continuity of the chromosome is uninterrupted 
but chromatin has disappeared from a particular area; or the presence of one or more greatly elongated chromo- 
somes trailing ‘‘sticky"’ streamers. Multihit complexes comprised chromosomal aberrations involving interaction, 
between two or more independent hits to one or more chromosomes, such as dicentrics and ring chromosomes. 
tion, virtually the only observable aberrations are 1-hit in type, 1.e., simple chromo- 
some breaks involving either one or both chromatids and achromatic regions. As 
the dose is increased, the number of such anomalies increases. A representative 
picture of the chromosomal constitution of a normal cell is shown in Figure | and 
is contrasted in Figure 2 with that of a cell irradiated with 50 r. Figure 3 demon- 
strates a cell from a slide irradiated with 75 r, containing many such anomalies. 
Photographs of the translocations, dicentrics, and ring chromosomes, indicative of 
interaction between multiple sites of damage in the chromosomal complement 
which arise after irradiation with doses in the neighborhood of 75-150 r are illus- 
trated in Figures 4 and 5. 

TABLE 2* 


CALCULATION OF FREQUENCY OF CHROMOSOME HITs PER MITOSIS PER R AT VARIOUS 
Doses FOR WHICH SIGNIFICANT NUMBERS OF MiTosES WERE ScorRED 


Dose Chromosome 
r) Hits/ Mitosis/r 


10—50 0.045 
> 0.020 
0.015 
Average 0.027 
* Each of the single-hit aberrations of Table 1 was scored as one, and each of the multihit com 
plexes was scored as two. The number of hits per mitosis at each dose was diminished by 0.23 to 
correct for the aberrations encountered in the unirradiated group. 

In Table 2 the calculated values of the total number of hits per mitosis are 
presented for each of the dose ranges at which a significant number of mitoses was 
studied. The values obtained are as constant as could be expected in view of the 
inherent uncertainties discussed, and they yield a maximum value of 40 r as the 


mean dose needed to produce one chromosome hit per mitosis. 

Inspection of the last column of Table | reveals that the complex, multihit 
aberrations are vanishingly small at doses less than 40-50 r but appear in approxi- 
mately 14 per cent of the mitoses of the cells irradiated with 75 r and to an extent 
of 39 per cent of the cells which have received 150 r._ Clearly, these figures indicate 
the mean chromosomal damaging dose per euploid cell to be less than 75 r, and 
the upper limit demanded by these experiments may safely be set at 40-60 r. 








Fic. 3.—C hromosomes of a normal human fibroblast-like cell irradiated with 
45 f¥. Many broken chromosomes are present, a lew ot which are indicated 
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Fic. 4.—Chromosomes of cell from same culture as in Fig. 1, after irradiation with 75 r, 
with a translocation showing in the center and a dicentric in the lower left. x 2500 
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Fic. 5.—Enlarged section of a 
portion of a mitotic figure, demon- 


strating development of ring chro- 
mosomes after 150 r irradiation of 
cells from the culture shown in Fig. 1. 
Late prophase. 2500. 

he (5° 
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While the various calculations to refine these estimates can readily be applied 
to these data, it should appear more useful to limit interpretation to these semi- 
quantitative conclusions until more and better types of measurement are available. 
The uncertainties in the figures here discussed could be materially decreased if 
single-cell techniques where substituted for massive population irradiation. — If 
replicate inocula of about 500 single, well-isolated cells were placed on microscope 
slides and irradiated, then incubated for varying periods before staining, the mitotic 
figures could be scored on a clonal basis, so that discrimination against cells which 
divide less rapidly or less extensively could be eliminated. Similarly, substitution 
of a mammalian cell like the Chinese hamster or the American opossum with much 
smaller chromosome numbers!? would materially ease the labor of analysis. Such 
developments are in progress in this laboratory. 

Microscopic inspection of irradiated human cells prepared as here described 
permits identification of their approximate radiation dose. Thus a series of twenty 
such slides whose doses ranged from 0 to 150 r was selected at random, with their 
identifications concealed, for dose estimation on the basis of their number and kind 
of chromosomal abnormalities. The average error of these estimates was less 
than 30 r, and only two slides were in error by more than 50 r. Since the ab- 
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normalities described here are relatively gross, it may be expected that searching 
cytological analysis will reveal evidence of more subtle chromosome damage at 
lower dose ranges. 

Chromosomal changes and anomalies continue to be exhibited in cells from cul- 
tures which have survived various radiation exposures. Clonal stocks of such cells 
have been developed and are under study. Search is under way for qualitative and 
quantitative relationships between specific chromosomal abnormalities and metab- 
olic markers, like resistance to destruction by Neweastle disease virus which we 
have induced in 83 HeLa cells by X-irradiation. 

The uniformity of the results of such diverse kinds of experiments as survival- 
curve analysis, scoring of chromosomal aberrations, and isolation of mutant cell 
strains with changed karyotype leaves no doubt of the chromosomal localization of 
radiation injury in these cells. The fact, too, that the doses needed to accomplish 
these effects are so much smaller than those needed to produce significant changes 
in enzymes, specific proteins, and other cellular constituents’ testifies to the 
uniqueness of the DNA-containing structures of the cell. In conformity with the 
general interpretation developed throughout this series of papers, it has been 
demonstrated that fibroblast-like animal cells containing much smaller quantities 
of DNA, like those of the chick, display an increased radiation resistance of the 
predicted magnitude. Details of such studies analyzing cellular radiation sensitivity 
as a function of chromosome number, DNA content, and ploidy in a variety of 
animal cells will be described in a forthcoming report. 

These studies reveal that the human cell, at least when grown under the conditions 
here specified, is extraordinarily sensitive to chromosomal damage by ionizing 
radiation—perhaps more so than any other cell yet studied. The minuteness of 
the dose needed to produce chromosomal aberrations and cell reproductive death 
makes this ideal material for separation of genetic and physiological actions of 
ionizing radiations. '* 

Summary.—X-irradiation of euploid human cells under conditions of stable 
growth in tissue culture produces chromosomal anomalies whose nature and 
frequency depend on the dose. Below 50 r—the approximate mean lethal dose for 
cell reproduction in the strains employed—practically the only anomalies obtained 
are those characteristic of single hits. Above this dose range, the incidence of 
simple breaks is increased, and complex breaks indicative of interaction between 
two or more hit chromosomes appear and increase with dose. 

These data support the previously advanced interpretation that the primary 
process leading to destruction of the reproductive ability of cultured single mam- 
malian cells by X-irradiation is a damage to the chromosomes, and they place an 
upper limit of 40-60 r on the value of the dose needed to produce an average of one 
chromosome abnormality in an euploid, fibroblast-like human cell under these condi- 
tions. 

Pictures of various radiation-produced chromosome breaks, translocations, 
dicentrics, and ring chromosomes in reproducing, euploid human cells are presented. 


* Contribution No. 74 from the Department of Biophysics, Florence R. Sabin Laboratories, 
University of Colorado Medical Center, Denver. This work was supported by grants from the 
Commonwealth Fund and the Rockefeller Foundation. 
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SEISMIC SURFACE WAVES AT PALISADES FROM EXPLOSIONS IN 
NEVADA AND THE MARSHALL ISLANDS 


By JAcK OLIVER AND MavrRIce EwINncG 
LAMONT GEOLOGICAL OBSERVATORY, COLUMBIA UNIVERSITY, PALISADES, NEW YORK 
Communicated June 18, 1958 


Introduction.—The United States Atomic Energy Commission recently declassi- 
fied precise times and locations of fifteen nuclear explosions, ten in the Marshall 
Islands and five in Nevada, in order to facilitate research in various fields of science, 
particularly seismology. This information had been requested by seismological 
groups, since it was already well known that body waves from the large hydrogen 
bombs are detected by seismic stations throughout the world; hence precise data 
on the source would assure valuable results on the structure of the earth’s interior. 

The Palisades station, which specializes in long-period surface-wave instrumen- 
tation, detected surface waves from almost all these explosions. Surface waves 
are the only seismic effect at Palisades. The station is in the shadow zone (distance 
104°-106°) of the earth’s core for body waves from the Marshall Islands region 
and is apparently too far (33°) from Nevada to detect the relatively weak body 
waves generated by the explosions there, which are much smaller than those at the 
Pacific site. 

The greater range of the surface waves is probably due, at least in part, to 
their inherent geometric advantage over body waves. Surface waves spread in 
only two dimensions as opposed to three for body waves, so the amplitudes decay 
as r~* rather than r~!, where r is the distance from the source, as a result of this 
effect. 

With the exception of the underground explosion Rainier, no yields were released 
by the Atomic Energy Commission. Newspaper reports suggest, however, that 
the Marshall Islands explosions were all in the megaton range and that the four 
Nevada tests other than Rainier were some of the larger of the 1957 series, probably 
10 kilotons or greater. 
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This is apparently the first report of surface waves at large distances from surface 
or elevated sources. Strong surface and body waves were generated by the shock 
of May 14, 1955, which appears to have been an atomic explosion deep in the 
Pacific Ocean. ! 
The seismic signals from both sites consist of oscillatory wave trains rather than 
a discrete pulse or pulses. These trains result primarily from dispersion of the 


initial impulse by near-surface wave guides consisting of the continental and 


oceanic crusts and the upper mantle. A quantitative explanation for the dispersion 
is immediately forthcoming from existing knowledge of earthquake-generated 
surface-wave dispersion. This clearly illustrates once more the great similarity 
between earthquake- and explosion-generated seismic waves and the great value of 
co-ordination between studies of these two closely related phenomena. 


Suor Name 


Bravo 
Romeo 


Koon 
Union 
Yankee 
Nectar 


Zuni 
Apache 
Navajo 
Tewa 


Hood 
Diablo 
Shasta 


Smokey 


Rainier 


DaTE 


28, 1954 
26, 1954 


6, 1954 
25, 1954 
4, 1954 
13, 1954 


May 27, 1956 
July 8, 1956 

July 10, 1956 
July 20, 1956 


July 5, 1957 
July 15, 1957 
Aug. 18, 1957 


Aug. 31, 1957 


Sept. 19, 1957 


Trwe (G.C.T.) 


18 45 
18 30 


TABLE 1 
CO-ORDINATES 


Operation Castle 


11°41'27” N. 


11°29'48” N 
11°39’59” N 
11°39’56” N 
11°40/14”" N 


Operation Redwing 
11°29’48” N. 
11°40'17” N. 
11°39’48” N 
11°40’26” N. 


165°22’09” E 
162°12’01” E. 
165°23'14” E. 
165°20’22” E. 
Operation Plumbob 
37°08'05” N. 
37°09’01" N. 
37°07'41" N. 


37°11/14" N 


37°11'45” N. 116°12711”7 W 


116°02’27" W. 
116°06’31” W. 
116°06'23” W. 


116°04'04" W. 


Ground 
Barge 


Ground 
Barge 
Barge 
Barge 


Ground 
Barge 
Barge 
Barge 


Balloon 
Tower 


Tower 


Tower 


Under- 
ground 


PALISADES RECORDING 


eLR 

Not 
period 
not operating 

eL (weak) 

eLR 

eLR 

eLR (weak interference 

earthquake 


recorded;  long- 
instrument 


with 
waves) 


eLR 
eLR 
eLR 
eLR 


(weak) 


eLR 

eLR (small) 

Not recorded; earth- 
quake interference 

eLR—definite in spite 
of earthquake inter- 
ference 

Not recorded; 
ate microseism level 


moder- 


The waves from both sites are of the Rayleigh type only; no Love (transverse) 


This statement is also true for about half to two- 
The data at least suggest, how- 


surface waves were detected. 
thirds of the earthquakes recorded at Palisades. 
ever, that, in the long-period range studied here, explosions do not excite Love 
waves efficiently. This effect might be expected from the symmetry of an explosive 
source, but it contrasts with experimental evidence from Rainier for short-period 
waves.” It may be that the asymmetry of the earth which caused the horizontally 
polarized transverse waves from Rainier is less important in the longer-wave case. 

In almost all the cases reported here, the period of the waves of the signal is 
much different from that of the background noise. This means that considerable 
improvement is possible in the sensitivity of instruments to these signals. Further- 
more, there appear to be no serious instrumental difficulties to overcome in this 
regard; hence it should be possible greatly to improve the sensitivity of the instru- 
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ments to these waves. Records for the present study were all made during routine 
operation of the Palisades seismograph station. 

Marshall Islands to Palisades.—Table 1 lists all the Marshall Islands shots for 
which data were released and the seismic effect at Palisades in each case. In all 
cases where long-period seismographs (7'0 = 15 sec., Tg = 75 sec.) were in opera- 
tion, Rayleigh wave trains were detected.* 

Contrary to the case with body waves, where the arrival time of the beginning 
of the phase is of primary importance, little weight can be placed on variations in 
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Fic. 1.—Palisades vertical-component seismogram of Tewa, nuclear explosion of July 20, 1956, 
in Marshall Islands. 
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Fic. 2.—Dispersion data for Pacifie Ocean, 





the travel times of the beginnings of the surface-wave trains from shot to shot. 
The important data are the travel times of the waves of various periods in the 
train, and it is only by considering the entire train, i.e., the entire spectrum of 
periods, that maximum information may be obtained. This dispersion information 
can be obtained very simply by using earthquake techniques,‘ * as illustrated in 
the following example. 

Figure 1 shows the long-period vertical-component seismogram of the shot of 
July 20, 1956, Tewa. Figure 2 shows the results of the dispersion study. The 
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procedure is as follows. Determine the travel time for the entire path as a function 
of period, using standard techniques. Then, using dispersion curves for a standard 
continental crust and the distance to the continental margin, determine the con- 
tinental travel time for each period and subtract this from the over-all travel time; 
then determine group velocity as a function of period for the oceanic portion. 

For the case studied, excellent agreement was found between the experimental 
data from the shot, the theoretical curves for ocean dispersion, and experimental 
data for an almost identical ocean path between the state of Washington and 
Honolulu obtained in an earlier study® of surface waves generated by earthquakes. 
The tendency for the long-period points to fall below the theoretical curve is also 
exhibited by earthquake data. This suggests that the theoretical model needs to 
be adjusted slightly to lower the group velocity curve in this range. 

An attempt to measure the phase velocity of Rayleigh waves for the interval 
between Bikini and Eniwetok failed, apparently because the paths to Palisades, 
exclusive of this interval, were not sufficiently identical. 

As seen in Figure 1, later portions of the train tend to develop the “beat” pattern 
frequently found in surface-wave trains from earthquakes. This evidence favors 
propagation effects rather than a complicated source mechanism or aftershock 
sequence as the cause of at least some of the beats. 
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Fig. 3.—Palisades three-component seismogram of Hood, nuclear explosion of July 5, 1957, in 
Nevada. 

Nevada to Palisades.—Table 1 also lists the Nevada shots and the Palisades 
recordings. Three sets of instruments recorded the waves, the best in each case 
depending largely on the microseism background at the time. The three combina- 
tions of pendulum and galvanometer periods, respectively, are 12-15, 15-75, and 
25-100 seconds. 

Two of the five Nevada shots were not recorded at Palisades. The surface waves 
from one of these, Shasta, should have arrived simultaneously with waves from an 
earthquake and may have been obscured. However, for another shot, Smokey, 
the explosion-generated waves were clearly identified in spite of interference from 
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an earthquake-generated train of about twice the amplitude but widely different 
periods. This identification was made primarily on the basis of similarity to 
trains from other Nevada explosions. 

The underground test, Rainier, was undetected at Palisades, either because of 
low surface-wave excitation or because of the moderate microseism level at the time, 
or both. The Atomic Energy Commission gave the size of Rainier as 1.7 kilotons, 
apparently much smaller than any of the other shots listed. 
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Fig. 4.—Dispersion data for continental United States. 


The three signals which were detected were small but definite and were similar in 
appearance and character. Comparison with body-wave data released by the 
U.S. Coast and Geodetic Survey indicates that surface waves were recorded at 
distances at least three to five times as great as were consistent body waves. Ex- 
ceptions to this generality for body-wave recordings might occur for stations in 
extremely quiet locations, but, by the same token, the Palisades site is not extremely 
quiet, nor are the instruments especially designed for optimum recording of this 
wave train. P-wave instruments, on the other hand, are frequently especially 
designed for recording this phase alone. 

Figure 3 shows three-component seismograms for the shot of July 5, 1957, Hood. 
The wave train consists of about six cycles, decreasing in period from about 14 to 7 
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seconds, with group velocities between 3.05 and 2.95 km./sec. Particle motion 
is composed almost entirely of vertical and east-west components, indicating, since 
the site is almost due west of the station, a lack of Love wave motion. Phase 
relationships show that the motion is retrograde, suggesting propagation in either 
the Rayleigh or the M» modes. 

Figure 4 shows the experimental values of group velocity as a function of period 
and experimental curves for the Rayleigh and M, modes previously determined for 
waves from earthquakes.’ These curves are for crustal structures typical of the 
shield areas, and, for the Rayleigh mode, the effect of a sedimentary layer about 3 
km. thick on the short-period waves is also indicated by the lower dashed line. 
The fit of the data to the curve clearly establishes that the waves crossed the con- 
tinent in the Rayleigh mode and that they correspond to the relatively flat portion 
of the curve associated with the group-velocity minimum and maximum in this 
period range. Such stationary values of group velocity may be associated theoreti- 
cally with large amplitudes, and many other examples of phases associated with 
group-velocity extrema have been found on earthquake seismograms. Excitation 
by the source is also an important factor in the selection of the portion of the 
spectrum which will be detected at great distances. 

The experimental points of Figure 4 fall slightly above the curve for the crust 
with the effect of a sedimentary layer included, but within the limits of experi- 
mental error for this curve. Since the locations and times of the explosions are 
known more precisely than those of earthquakes, the points should be taken to 
establish a better value of the dispersion curve for this portion of the spectrum for 
the Nevada to Palisades path. 

Conclusions.—1. Surface waves from large nuclear explosions in the Marshall 
Islands were detected at Palisades at a distance of about 105° and presumably may 
be detected by long-period seismographs throughout the world. 

2. Surface waves from nuclear explosions in Nevada were detected at Palisades 
at a distance of about 33° and presumably could be detected throughout most of 
North America. No information is available on these waves for oceanic paths. 

3. Signals from both sites consist entirely of dispersed Rayleigh wave trains. 


The dispersive pattern may be explained by using dispersion curves developed 


in studies of earthquake-generated surface waves. No Love or body waves were 
detected at Palisades. 

4. All the foregoing data are for sources on or above the earth’s surface, 
{ainier, the small underground nuclear explosion, was not detected at Palisades. 


* Lamont Geological Observatory Contribution Number 301. 

! J. Oliver and M. Ewing, Trans. Am. Geophys. Union, 1958 (in press). 

2 L. Bailey and C. Romney, Program for Annual Meeting of Seism. Soc. America, Vol. 12, 1958 
(abstr. ). 

’ Since the records were made, more sensitive instruments have been developed at the Lamont 
Geological Observatory which greatly enhance the recording of waves in this period range. 

‘M. Ewing and F. Press, Encycl. of Phys., XLVII: Geophys. (Berlin: Springer-Verlag, 1956), 
1, 119. 

5 M. Ewing, W. Jardetzky, and F. Press, Elastic Waves in Layered Media (New York: MecGraw- 
Hill, 1956). 

6 J. Oliver, M. Ewing, and F. Press, Bull. Geol. Soc. Amer., 66, 913, 1955. 

7 J. Oliver and M. Ewing, Bull. Setsm. Soc. Amer., 48, 33, 1958. 





SURFACE OF GIVEN SPACE-CURVE BOUNDARY* 
By G. C. Evans 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CALIFORNIA 


Communicated May 16, 1958 


The purpose of this paper is to describe or define, in elementary terms, a surface, 
S, which is to have a given simple closed curve in space, s, as boundary. Such terms 
are those by means of which functions—for example, multiple-valued harmonic 
functions that have s as branch curve—may be continued beyond the surface; 
accordingly, identification of the surface by means of intersection properties with 
curves which are cycles (1 cycles) that link the boundary curve. For convenience, 
we assume that the Euclidan 3-space H;, containing the given curve s, may be 
mapped, continuously and one to one, onto another H;’, so that © goes into © 
and s into a circumference s’. As occasion demands, S may be non-orientable and 
may cut itself. 

A surface of boundary s shall be a set of points S which is compact and connected 
(that is, closed and bounded as a set, and not the sum of two or more such sets that 
are disjoint), and 

(i) Outside of a toroidal neighborhood of s, S is composed of a finite number of 
regular elements,' no two such elements to have in common more than an edge or 


vertex; 
(ii) Every 1-cycle which has odd linkage with s will cut S; 
(iii) If any open portion of S is removed, (ii) will no longer be satisfied. 


The main facts are the following. If S is a compact set and satisfies (i), (ii), 
and (ili), then (a) it contains s; (b) it occludes no point not on S from infinity; 
(c) it is connected and is therefore a surface S of boundary s._ If FE is compact and 
satisfies (i) and (ii), then (d) it contains a subset which is a surface of boundary s. 
If S; and S. are non-identical surfaces of the same boundary s, then (e) there exists 
a bounded domain with boundary in S,; + S». If s; and s. have odd linkage with 
2ach other and S, and 2 are, respectively, surfaces of boundaries s, and so, then (f) 
S, and Sz intersect. 

Since there is not space here for detailed proofs, we confine ourselves mainly to a 
discussion of (c), which asserts that connectivity is a redundant property in the 
description of S. With respect to (a), we remark that if a set E is compact and 
satisfies (i) and (ii), there is a maximal, connected subset So of # that contains s and, 
in any neighborhood of a point Q of s, contains points of Sy — s. 

Concerning (b), we assume the contrary, namely, that there is a point M, not in 
S, which cannot be joined to © without meeting S, and therefore a bounded domain, 
containing MM, whose boundary S, lies in S. Since by (iii) no open portion of S is 
removable, it follows that for given A, interior of a regular element of S,, there must 
be a 1-cycle o of odd linkage with s, which cuts S only in a closed set F contained in 
A. By constructing a neighborhood N of a simply connected piece of A which 
contains F’, we set up a kind of algebraic intersection of o with A, as a finite subset 
F, of F, determined by the finite number of arcs of ¢ that contain points exterior to 
N. The points of F; can be eliminated successively in such a way that there 
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results a o, still of odd linkage with s, which does not cut S at all and therefore 
contradicts (ii). 

The theorem (c) requires a stronger use of topological concepts and the use of the 
Alexander Duality Theorem.? Again we assume the contrary, that S = Sy + S), 
where So» is the maximal, compact, connected subset of S which contains s, and S; 
is assumed to be not empty. Hence there is a o of odd linkage with s, which does 
not cut Sp. We denote the positive distance of o from So by 36. 

Let N be a 6-neighborhood of S, with regular boundary—for example, a boundary 
composed of a finite number of spherical surface pieces. From the domain N we 
may eliminate any interior boundaries (since they cannot contain points of ¢) and 
thus arrive at a bounded domain No, of which the sole boundary is the exterior 
boundary of N. Denote this boundary by }°», and by 7’, the domain exterior to 
>». We note that }°y is an orientable closed surface, composed of a finite number of 
regular pieces, and is a manifold of a certain genus p. On it there are 2p non- 
bounding independent 1-cycles &), ;,) = 1,..., p, such that &; and 9; meet in just 
one point P;, and £; does not meet o,, k # j.* 

On the basis of a suitable metric, H; may be regarded as a sphere xy? + 2,2? + 
x? + 2,2 = 1, with © asa point of 7, }°o as an irreducible closed 2-chain of a 
subdivision of H;, and o deformed in T to become a closed 1-chain in 7. We show 
that this last may be placed by one on XY», of odd linkage with s, thus to yield a 
contradiction with (ii). 

By Alexander’s Duality Theorem, as the special case of l-chains in XY», and 


therefore also of 1-chains in H; — }°y, there are 2p non-bounding, independent, 
closed 1-chains in H; — Yo = N,+T. We find these as small deformations of the 


§;,n;. Foragivenj, we make a small deformation of £), starting with cells adjacent 
to P;, into a ;’, so that &,’ links n,, and lies entirely in 7’, or in No, as the case may 
be. Similarly, we make one of 7; to 7;’, so that 7,’ lies in the opposite domain to 
that of &,’ and therefore links ¢;, and consequently &;’. We treat each 7 separately, 
and rename the £;’ and 7; so that in each case 7,’ liesin 7. Thus each £,’ links simply 
the corresponding 7,’ and no other. These are independent, non-bounding cycles in 
H; — C, where C = {€;{| + {n,{. It follows that, including the 7,’, there are 
pi > p independent, non-bounding I-cycles in 7, and p. > p such cycles, including 
the &;’,in No. Since p,; + po = 2p, we have p; = p, po = p, and the n,’,j = 1,..., 
p form a complete set for 7. 

In terms of a homology relation, mod 2, the given o of odd linkage with s, may 
be expressed in terms of the m’,..., 7)’ with coefficients not all zero, mod 2, be- 
cause a, being non-bounding in H; — s, is non-bounding in 7. It follows from the 
homology relation that at least one of the n;’ must be non-bounding in H; — s, 
and therefore must have odd linkage with s. We deform this n;’ back to 7; on oo, 
and thus complete the proof by contradiction.* 

As to the remaining theorems, we mention that (d) requires the use of (c); (e) 
is obtained by proving first that if ¢ cuts S; in just one point, where it crosses S,, it 
has odd linkage with s; (f) is immediate by (ii). 

Remark.—Our assumed homeomorphism, which relates H; to H;’ and transforms 
s to the circumference s’, affords a determination of the linkage number of ¢ with 
s in terms of the function which corresponds to the solid angle subtended by s’ 
at a point P’ in H;’. There is some interest, however, in taking s as of more general 
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character—for example, to allow it to contain knots. Thus an alternative less 
restrictive condition is to assume that there is a tubular neighborhood N of s which 
is homeomorphiec with a neighborhood N’ of the circumference s’, with s mapped on 
s’. Odd or even linkage with s of an arbitrary simple closed ¢, which has no points 
in common with s, is determined by a homology mod 2 relation in the residual 
domain H; — s, where there is one “independent” non-bounding 1-cycle. The 
proofs of (a) to (f) are unchanged. 


* The author acknowledges assistance from the Office of Naval Research, Contract Nonr. 222 
(37). 

1 See, for example, O. D. Kellogg, Foundations of Potential Theory (Berlin, 1929), pp. 97, 105, 112. 
The degree of continuity is given with respect to the plane of reference for the element. The 
element is taken as of class C,, for the sake of the use of Green’s theorem. 

2J. W. Alexander, Trans. Am. Math. Soc., 23, 333-349, 1922. 

3. Lefschetz, Introduction to Topology (Princeton, 1949), Theorems (24.1) and (24.2), p. 82. 

4 Professor James Eells, Jr., notes the duality relations in the statements of Theorems (b) and 
(c) if the conclusions are reworded in terms of Betti numbers (mod 2) of order 2and 0. Professor 
8. Diliberto gives an example of a non-orientable surface S’ without free edges, yet inclosing no 
volume, namely, the Klein bottle from which the disk (of boundary s’) is removed, where the neck 
cuts through the side. Compare Lefschetz, op. cit., p. 82. We remark that S’ gives us also an 
interesting example of a surface of boundary the above s’ in the sense of this article, and also in the 
homology (mod 2) sense, with S’ a connected 2-chain of boundary s’. 


NOTE ON A CLASS OF DIFFUSION EQUATIONS* 
By RoGer H. GEESLIN 
DEPARTMENT OF MATHEMATICS, YALE UNIVERSITY 
Communicated by E. Hille, May 20, 1958 


The purpose of this note is to list the main results of a study of the Cauchy prob- 
lem for the class of diffusion equations of the form 


[b(z) Tz] - T, = 0 (1) 
in the space L(— ©, ~), where b is continuous and b(x) > 0 for all 
ze Ey =(—o, ~). Twocases are considered: 
Case 1: B(—2~)< @ and B(w) < a, 
z=sds 


Case 2: B(—o@) B(o) = where B(x) = ‘ 
0 b(s) 


Our starting point is a paper by E. Hille.2 The study of these two cases is sug- 
gested by his Theorem 9.2. In both cases the solutions are of the form 


T(t) [f] (x) = a K(z, 8; t)f(s)ds. (2) 


In case 1, K(x, s; t) can be represented by a “‘theta series,” 


© 


K(z, s;t) = > w,(z)w,(s)e™, 


n= 
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where 
fon fo\t © {, lo 
}Wn(X)in=1 and 2 oe 


are the characteristic functions (c.f.’s) and characteristic values (c.v.’s) of the dif- 
ferential equation 


Liu] (x) = [b(x)u’(x)]’ = Au(z). (4) 


The c.f., w,(x), has exactly n — 1 finite zeros for all nm = 1, 2,.... The series in 
equation (3) with fixed ¢ > 0 converges absolutely and uniformly in £2 and in the 
norm of L2(E2), where EF, = FE, X F£;. If f is in the domain of L,D[Z], then f is in 
L,(E;). Equation (2) then gives the solution of the Cauchy problem for the oper- 
ator L for every f « D{L|. Under the further restrictions 


{ |W, (x) dz < C\|A, |” (5) 


(6) 


alln = 1, 2,..., Ci, C2, p constants > 0, we have that equation (3) converges in 
L(—, ~) for each fixed x ¢ E,, t > 0, and equation (2) is the solution of the Cauchy 
problem for every fe L(— ©, ©). 

The Green’s function, G(2, s; \), determined by equation (4) has a number of im- 
portant properties as a function of \. We list the following which hold in case 2 
for each (x, s) « Fy and fixed c > 0: 


(—] EG < (x. 8: ¢) 


G(x, s;c + 7¢0)| < Gla, ssc ) . 
fe : = : -alla ec Fy: 
G(x, s;¢ + ia)| < — G(2, 8; ©)f 


Re[G(a, s;¢c + ic)| > 0 
—oalm(G(a, s;e+i0)| > 0 
S) , a 
—@¢ Re [G(2, s;e+t0)| > 0 
Oo 


all oO € ki; 


2) , : 
Re[G(x, s;¢ + ic)] = Oat ¢o = O; 
Oa 


> > 0, if c) 
Im[G(a, s; ¢ + tc)] is <= 0, if a PP (11) 
Oo <0; if g|< cl 


All these depend on the fact that L is the infinitesimal generator of a semigroup of 
transition operators on L(— ©, @). 


Inequality (7) implies that both G(x, s; \) and G(x, s; \)f(s)ds are completely 


—« 


monotonic’ for0< A< »,andfeL(—o, ~), f(x) > O0,allaeH;. Thus by Bern- 
stein’s theorem‘ both of these functions-of \ can be represented by Laplace-Stieltjes 
integrals of the form 
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i e~™ da(t), 


v-—@® 


where a(t) is bounded and non-decreasing and the integral converges for0< A\< ©. 
Properties (9)—(11) are proved using the representation 


RA; L) [g] (x) = f G(x, s; \)g(s)ds, Re(r) > 0, (12) 


where for g we substitute the sequence of functions 


n 
r(1 + n?s?) 


Actually, these properties hold for kernels corresponding to more general prob- 
lems than those mentioned above. Suppose that Z is the infinitesimal generator 
of a semigroup of positive contraction operators on L(— ©, ©) and the resolvent 
of L has the representation (12), where G(z, s; \) is symmetric and continuous for 
(x, s) « Ey. Then G(2, s; X) possesses properties (7)—(11). In particular, these 


gxA(x) = (13) 


properties hold in case 1 as well as in case 2. 
When combined with the identity 


r i) G(z, s; \)ds = 1, Re(r) > 0, 
these properties imply that 


] c+te 
K(z#. e; t) = chim £ G(x, s; \)e“ dd 
2m J, 


oo rio 


exists for all (x, s) « Ho, t > 0, for any fixede > 0. Further, we have 


K(z, s;4) > 0 


f K(z, s; thds = { K(x, s; t)dx = 1. 


In the general case mentioned above, identity (14) can be replaced by 


af G(a, s; \)ds < 1, Re(r) > 0, (18) 
and implies (15) and (16). With either (14) or (18), equation (2) gives the solution 
of the Cauchy problem for the operator L for every f « L(— ©, ~). 

Considering the two special cases b(x) = 1 and b(x) = x? + 1, we obtain in the 
former the Gauss-Weierstrass kernel 


K(a, s; t) = (4nt)~'”- exp {— ea 


and in the latter 
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exp { —(4t)~! [ + log? [((—x + (a? + 1)%) (8 + (8? + 1) 
2(wt)'“* (x? + 1) (8? + 1)" 


“VI y 


K(a, 3; t) = 
R(z, 8; 8) 


forx < s, interchanging x and s for s < x, where 


lim { f R(a, s; t)f(s)ds\dx = 0 
t> +0 J -—o J —« 


for every fe L(—, ©). The case b(x) = x? + 1 gives a solution of a problem 
posed by A. Kolmogoroff in 1931.5 

* This note is an abstract of the author’s dissertation, presented for the degree of Doctor of 
Philosophy in Yale University, 1958. The research was under the guidance of Professor Einar 
Hille and was partially supported by the Office of Scientific Research, United States Air Force, 
under contract SAR AF 18 (600)-1127. 

2 J. Anal. Math., 3, 81-196, 1953/54. 

3D. V. Widder, The Laplace Transform (Princeton: Princeton University Press, 1941), see p. 
145. 

* Iind., p. 161. 

5 Math. Ann., 104, 415-58, 1931; see esp. p. 455. 


ON THE PURITY OF THE BRANCH LOCUS OF ALGEBRAIC FUNCTIONS 
By Oscar ZARISKI 
HARVARD UNIVERSITY 
Communicated May 14, 1958 


1. Let V/k be an absolutely irreducible, r-dimensional normal algebraic variety 
and let K = k(V) be the function field of V/k; here k denoted an arbitrary ground 
field. Let K* be a finite separable algebraic extension of K, let k* be the algebraic 
closure of k in K*, and let V*/k* be a normalization of V in A*. Let P* be an 
arbitrary point of V* (not necessarily algebraic over ‘), and let P be the corre- 
sponding point of V. We denote by o the local ring of P on V/k and by m the 
maximal ideal of 9. Let o* and m* have a similar meaning for P* and V*/k*. It 
is well known that: (1) o*m is a primary ideal, with m* as associated prime ideal; 
(2) the residue field k*(P*) (= o0*/m*) is a finite algebraic extension of the field 
k(P) (= 0/m). 

Definition: The point P* is said to be unramified (with respect to V) if the following 
conditions are satistied: 

(a) o*m = m*; 

(b) k*(p*) is a separable extension of k(P). 

In the contrary case P* is said to be ramified (with respect to V). 

Note that, since K*/K is separable, k*/k is also separable, and hence (6) is 
equivalent to the condition: (P*) is separable over k(P). 

We fix an affine part V, of V containing the point P. Let R = kia, xe,..., 2,] be 
the co-ordinate ring of V,/k and let R* = k*[xy, xe, ~~ , Un, Unt, . ~~» Lm] be 
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the integral closure of R in K*. If V,* denotes the locus of the point (2, 22, ... , 

tm) over k*, then V,* is an affinite representative of V*, and P* «V,*. Let {g,(Xi, 

X2,...,Xm);j = 1,2,..., N} bea basis of the ideal of V,* in k*[Xi,..., Xml. 
Proposition 1. The point P* is unramified if and only if the matrix 


7 O(9, J2,- ++ gn) (1) 
O(X n+1, rn ceey > a 


has rank m — nat P*. 

Proof: We consider local k-derivations at P (on V), with values in any given ex- 
tension field 2 of k(P). By this we mean (see Zariski,®, p. 43) mappings D of 0 into 
Q such that: (1) De = Oif c ek; (2) D(w, — we) = Dw, — Dw»; (3) D(wiywe) = 
@,Dw. + @Dw,, where @, denotes the m-residue of w,;. Similarly, we shall con- 
sider local k*-derivations at P* (on V*). 

Assume that P* is unramified. Let D* be a local k*-derivation at P*, on V*, 
such that the induced local k-derivation D at P on V (D = restriction of D* to 0) is 
zero. Fromo*m = m* it follows that D* = 0 on m*. Now let w be any element 
of o*, let a be the m*-residue of w (a € k(P*)), let F(Z) be the minimal polynomial 
of a over k(P) and let F(Z) be a polynomial in 0[Z] such that the coefficients of 
F(Z) are the m-residues of the coefficients of F(Z). We have F(w) « m* and hence 
D*(F(w)) = 0. On the other hand, D*(F(w)) = F’(a)D*w, and F’(a) # 0, since 
F(Z) is a separable polynomial. Hence D*w = 0. We have therefore shown that 
if D = 0, then also D* = 0. 

Now, given m quantities u, ue, ... , Um in an extension field of k(P*), a necessary 
and sufficient condition that there should exist a local k-derivation D* at P*, on 
V*, such that D*x,; = u, is that the following relations be satisfied (see Zariski,’ p. 


44): 
m ot: ) 
“ = 0, 
» fe pe” 


Our preceding result shows that if uw = uw. =... = u, = 0, then necessarily also 
Unt = Unt? =... = Um = 0. Therefore, the Jacobian matrix (1) must have rank 
m — nat P*. 

Conversely, assume that the matrix (1) has rank m — nat P*. Let év be the m*- 
residue of z,, so that k(P) = k(&, &, ..., &:) amd k*(P*) = k*(&, &, . ~~, Em). 
Our assumption on the matrix (1) implies (see Zariski,? Lemma 6, p. 27) that k*(P*) 
is a separable algebraic extension of k(P). Thus condition (6b) of the definition of 
unramified points is satisfied. Let, say, 


O(91, ge, 8 9 Ym n) 


0 at P*. 
US es aa ce" 


Then the m — n polynomials g;(&1, £, .. . , &n, Xnt1,-.-, Xm) (@ = 1,2,...,m— 
n) form a set of uniformizing parameters of the point (&,+1, Ent+2, ..., &m) in the affine 
(m — n)-space over k*(P). It follows that if {h,(Xi, Xo,...,X.);j =1,2...} 
is a set of uniformizing parameters of the point (&, &, ..., &,) in the affine n-space 
over k (and hence also in the affine space over k*, since k*/k is separable), then the 
polynomials g,(X;, X2,..., Xm) (¢ = 1,2,...,m— n), hj(X1, Xo,..., Xa) JF = 
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1,2,...) form a set of uniformizing parameters of the point (&, &, ..., &,) in the 
affine m-space over k*. This implies that the quantities h(a, x2, ... , 2,) forma 
basis of m*, and, since they also form a basis of m, we have m* = o*m. Thus P* is 
unramified. 

The above proposition shows that the set of points of V* which are ramified with 
respect to V is an algebraic variety (defined over k). This variety is called the 
branch locus of V*/k* (with respect to V/k). It will be denoted by A 

2. The main object of this note is to prove the following result: 

Proposition 2. If P* ts a point of A such that the corresponding point P of V is a 
simple point of V/f, then Ais locally, at P*, pure (t — 1)-dimensional. (In particular, 
if V is a non-singular variety, then Ais a pure (rt — 1)-dimensional subvariety of V*). 

Proof: We shall give the proof only in the case in which k is either of character- 
istic zero or is a perfect field of characteristic p ~ 0. The generalization to non- 
perfect ground fields will be found in the note of N. Nagata which immediately fol- 
lows the present note. 

We first achieve a reduction to the case in which the ground field is algebraically 
closed. Let k’ be the algebraic closure of / (in the universal domain). The vari- 
eties V and V*, being absolutely irreducible, remain irreducible over k’. Since k 
(and therefore also k*) is perfect, the normal varieties V/k and V*/k* are abso- 
lutely normal, and thus V/k’ is normal while V*/k’ is a normalization of V/k’ in 
k’(V*). Again, since k* is perfect, the prime ideal $(V,/k*) of any affine repre- 
sentative V,* of V*/k* remains prime under the wien field extension k* — k’, 
and thus a a Rte e es <i3 X37 = 1,2, , N} of the ideal ¥(V,*/k*) is 
also a basis of ¥(V,*/k’). It follows, ainiteiie’ hia Sinsiliian 1 that a point 
P* of V* is ramified with respect to V/k if and only if it is ramified with respect to 
V/k’. In other words: the branch locus A of V* with respect to V/k is inde- 
pendent of the choice of the (perfect) ground field &. On the other hand, any simple 
point P of V/k is absolutely simple and therefore remains simple under the ground 
field extension k +k’. This shows that in the proof of our theorem we may replace 
k by k’. 

Since the branch locus A is algebraic, it will be sufficient to prove the proposition 
under the additional assumption that P is an algebraic point over k. 

We therefore assume that k is an algebraically closed field and that P is rational 
over k. 

We shall assume that the local P*-component of A is of dimension < r — 1, and 
we shall show that in that case P* is unramified. 

We fix uniformizing parameters 2, t2,...,2, 0f P on V/k. Let P’* be any 
point of V* such that dim P’*/k* = r — 1 and such that P* is a specialization of 
P’* over k’. Let P’ be the corresponding point of V. Then P is a specialization of 
P’ over k, and—by our assumption—P’* is unramified with respect to V. The 
parameters x; are also uniformizing co-ordinates of P’ on V/k, i.e., they have the 
following two properties: (1) k[x, 2, ..., z,] contains a uniformizing parameter 
of P’ on V/k; (2) the field k(P’) is a separable algebraic extension of the field 
k(%, 2, ..., E,), where the #; are the P’-residues of the x;. Since P’* is unrami- 
fied, it follows that conditions (1) and (2) are satisfied also if P’ and V are replaced 
by P’* and V*, respectively. Hence 2, 22,..., 2, are also uniformizing co-ordinates 
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of P’* on V*/k. It follows that the derivations 0 of K*/k’ (these derivations are 
U4 


defined since } 21, 22,..., z,} is a separating transcendence basis of K*/k’) transform 
the local ring of P’* into itself. In particular, if w is any element of the local ring 
ow 
o* of P*, we have that = is regular at P’*. We have therefore shown that 
2 i i 


has no polar prime divisor at the point P*. Since P* is a normal point, it follows 


TR 
that the r-functions 5 belong to o*, for any win o*. 
zi 
At this stage we shall separate the two cases p = 0 and p # 0. 
Case p = 0.—The fact that the partial derivations 0/0z; map o* into itself per- 
mits us to define a homomorphic mapping 


Qo: o* —a>ke< 1, To, ... Le eo 


of o* into the power series ring k < 2, x» *->: for any w in o* we define ¢(w) 
to be the power series 
x Cito aes 
(t) 
where ¢;,1. . i, = m*-residue of 
| Oiltizt * °° +H ay 


1, !2! en ee Or," Oxr,"? ay: Ox," 


The homomorphism ¢ reduces to the identity on k[x,, x2, ...,2,|. Since the ideal 
o*(x1, Zo, ..., Z,) contains a power of m*, it follows at once that ¢ can be extended 
(uniquely) to a homomorphism ¢ of the completion 6* of o* into k < x, x2,..., 2, >, 
and it is obvious that ¢ maps 6* onto k < x, %,...,2,>. Now, since }2, 22, ..., 
z,{ is a system of parameters (in the sense of Chevalley) of 0*, k < 2, x2,..., 2; > 
can be identified with a subring of 5* (Chevalley,' p. 702). It is obvious 
that ¢ reduces then to the identity on k < 2, 22,...,2, > (since ¢ is the identity 
on k{x;, x2, ..., 2,}). It is also known that every element of o* is integrally 
dependent on k < 2, %2,..., 2, > (Chevalley,' p. 702) and that 6* is an integral 
domain (Zariski*). Hence ¢ is an isomorphism. We have thus shown that i6* 
is a regular ring, having 2, 2%, ..., 2, as regular parameters. Consequently, the 
same is true of 0*, showing that P* is unramified. 


‘ ates fs) é om 
Case p # 0.—The r partial derivations — form a basis of the space of derivations 


vi 
of K*/K*?. Hence 1, z2,..., 2, form a p-basis of K*. Now let weo*. We can 
write w (uniquely) in the form 
w= >; A? s1t5 con y"!2"? cw EP eee t, € K*. 
Using the fact that all the partial derivatives 
£ p 
Oil+i2+ a 


021102,'2 re 


belong to 0*, we find at once that A”,,, :, ... ;,€0*, and hence A;,;,... 1, € 0*, since 
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o* is integrally closed. It is clear that if w « m*, then Ao,o, . .. , ¢ « m*, whence 
A®o,o,...,0€m*? ¢ m**. It follows that 


m* ¢ >> o*z, + m*?, 


i=l 
‘ 
and this implies that m* = }> o*x; = o*m. This completes the proof. 
i=l 

3. Proposition 1 implies that P* is unramified if and only if every local derivation 
D at P has at most one extension to a local derivation at P*. We shall now prove 

Proposition 3. If P* is unramified (with respect to V) then every local derivation 
D at P can be extended to a local derivation D* at P*. Hence P* is unramified if and 
only tf the vector space of local derivations at P* is obtained from the vector space of local 
derwations at P* by the extension k(P) —~ k*(P*) of the field of scalars. 

Proof: We consider the completions 5 and 5* of 0 and o*, respectively, and we 
set m = om, m* = 5*m*. Then 6 and 5* are local domains (since V and V* are 
normal varieties; see Zariski*) and we have m* = d*m. If then we set [k*(P*): 
k(P)| = g, then 5* has an 6-basis consisting of g elements (Chevalley,' proof of 
Proposition 4, p. 695). As d-basis of 5* we can take any g element @,* of 5* whose 
m*-residues form a k(P)-basis of k*(P*). Since k*(P*) is a separable algebraic 
extension of k(P), it is a simple extension of k(P). Let @ be a primitive element 
of k*(P*)/k(P) and let w* be an element of o* whose m*-residue is a. Then 1, w*, 

w*—! form an d-basis of 6*, and w* is a root of a monic polynomial f(X). 
of degree g, with coefficients in 5. Since 6 is also an integrally closed domain (by 
the theorem of analytical normality of normal varieties, Zariski*) and since every 
element of 5* is integral over 6, the minimal (monic) polynomial of w* over the quo- 
tient field of 6 has coefficients in 6. This minimal polynomial cannot therefore be 
of degree < g, since otherwise a would be a root of a polynomial of degree < g, with 
coefficients in k(P). Hence {(X) is the minimal polynomial of w*, and thus 1, w*, 
w*?... , w*—! are linearly independent over 5. 

Now let D be any local derivation at P, on V. This derivation can be extended 
to a local derivation D of the completion 6 of o by setting, for any element 7 of 5: 
D§ = Dy, where y is any element of 9 such that ¥ — ye m?. Since M2 n 9 = m’, 
it follows at once that Dj depends only on 7, and one immediately verifies that D is 
a local derivation ind. Now, if #* is any element of 5*, we write J* = J + 7, w* + 
... + §,-1 w*—'!, where the 7, are uniquely determined elements of 5, and we set 


g-1 g-1 
= D¥, - ai + = inva’! ) D*w*, 
dD: 


1=0 i=0 


where 4; is the m-residue of 7, and where D*w* is the element of k*(P*) determined 
by the relation 


(D(a) + f’'(a)D*w* = 0. 


Here, if 
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g qqeneseee 
f2(X) = Y (Db) X*, 


=O 


g eis 
F(X) = D> BX+ 8, = m-residue of b,. 
i=0 


Since /(X) is a separable polynomial, /’(a) is different from zero and hence D*w* is 
well defined. It is a straightforward matter to show that the mapping D* of 5* 
onto k*(P*) is a local derivation of o* and that D* is an extension of D. If we now 
set D* = restriction of D* to o*, we see that D* is a local derivation at P*, on V*, 
and that D* is an extension of D. 

The second part of the proposition is an immediate consequence of the first part 
and of Proposition 1. 

1 C. Chevalley, “On The Theory of Local Rings,’’ Ann. Math., 44, 690-708, 1943. 

? QO. Zariski, ‘Analytical Irreducibility of Normal Varieties,’’ Ann. Math., 49, 352-61, 1948. 

30. Zariski, “The Concept of a Simple Point of an Abstract Algebraic Variety,’’ Trans. Am. 
Math. Soc., 62, 1-52, 1942. 

* O. Zariski, “Sur la normalité analytique des variétés normales,’’ Ann. Inst. Fourier, 2, 161-64, 
1950. 


REMARKS ON A PAPER OF ZARISKI ON THE PURITY OF BRANCH- 
LOCI* 


By Masayosut NAGATA 
HARVARD UNIVERSITY AND KYOTO UNIVERSITY 
Communicated by Oscar Zariski, May 14, 1958 


In the proof of Zariski of the purity of branch loci,' the following fact, which was 
proved by him, is one of the key points of his proof: 

Let P be a simple spot over a field k and let 1, ..., x, be a regular system of 
parameters of P. Assume that P/Z x,P = k. If a normal spot Q dominates P 
and is a ring of quotients of a finite separable integral extension of P and if every 
partial derivation 0/Ozx,; can be extended to an integral derivation’ of Q, then Q is 
unramified over P. 

If the assumption that Q is normal is omitted, then the above becomes false. 
In the present note, we shall show at first that if k is of characteristic zero, then the 
assumption that Q is normal is unnecessary. In fact, we shall prove the following 
theorem which is a generalization of it: 

THEOREM. Let P be a spot over a field k of characteristic zero and let r be the di- 
mension of the function field L of P. Assume that there exist algebraically inde- 
pendent elements x;,..., x, of P over k such that the partial derivations 0/0x, (i = 1, 

. , ©) can be extended to integral derivations of P. Then P is a regular local ring 
with a uniformizing co-ordinates 2, ... , £,, namely, if we denote by p the intersection 
of the maximal ideal m of P with kx, ..., 2,], then P is unramified over k[x, . . 
Sry 

On the other hand, Zariski proved the purity of branch loci only for the case of 
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perfect ground fields. Therefore, we shall give a proof of the purity for the case 
of non-perfect ground fields. 

1. Proof of the theorem: 

LeMMA 1. Any integral derivation of a local ring can be extended uniquely to an 
integral derivation of the completion of the local ring. 

Since an integral derivation of a local ring is a continuous operator, we can 
easily prove this lemma, and we shall omit the proof. 

LemMa 2. Let D be an integral derivation of a Noetherian ring 0. If q is an iso- 
lated primary component of zero in 0, then the operator D’ such that D’ (a modulo q) 
= Da modulo q (for a € 0) is well defined and can be extended to an integral deriva- 
tion of 0/4. 

Proof: Let b be an element of 0, not in the prime divisor q* of gq, such that 
bq = 0. Then for any element qg of g, we have gDb + bDq = 0 because bq = 0. 
Therefore, bDq «q. Since b ¢ q*, we have Dg eq. Therefore, D’ is well defined. 
The rest of the proof is straightforward (cf. the paper cited in n. 2). 

Lemma 3. Let k be a subring of a complete local integral domain P. If there are 
elements 21, ..., x; of P such that P is separably algebraic over the smallest complete 
local ring Q, containing k[z,,... , x,] and dominated by P, and if D,, .. . , D, are 
linearly independent derivations of P over k, thenr < s. 

Proof: Assume thatr>s. Then there are elements f;, ...,f, of P, not all zero, 
such that (2 f,D,x; = Oforj = 1,...,s8. Then 2 f,D,; is a trivial derivation on 
k[a,..., 2s], hence on Q. Since P is separable over Q, we have 2 f,D; = 0, which 
contradicts the assumption that D,,..., D, are linearly independent. Thus we see 
that r < s. 

Now we shall prove the theorem. Let s be the rank of p. Replacing the xz, by 
suitable linear combinations of the z;, we may assume that 27,41, ... , 2, modulo p 
are algebraically independent over k. Then, considering k(x,+1, . . . , 2,) instead 
of k, we may assume that r = s. Thenp isa maximal ideal of k[{x,,...,2,]. There- 
fore, p is generated by r elements, say fi,...,f,. The Jacobian matrix J(fi,..., 
f,3 a, ...,2%,) modulo p has rank r; i.e., the determinant of the Jacobian matrix is a 
unit in k[z,..., 2,],, hence in P. Therefore, the partial derivations 0/Of; (¢ = 
1,...,7) ean be extended to integral derivations of P. Thus we may assume that 
u,...,%,are in m, i.e., pis generated by the z;. 

We denote, in general, by o a vector (01, ..., o,) whose components o; are non- 
negative rational integers, by lo | the sum of o;, by c, the rational number (—1)'*! 
(oi!) ... (o,!), by 2” the element x," ... 2,7 and by y,, for a given element 
y of P, then element 0''y/(02;)" ... (Oz,)”. Furthermore, if y is a given ele- 
ment of P, we denote by p(y) and q(y) the elements 2, c¢,2’y, and 2); 5 0 ¢.47Y. 
of the completion P* of P. Then obviously p(y) = y + q(y). 

Since the partial derivations 0/0zx, can be extended to integral derivations of P, 
they can be extended to integral derivations of P* by virtue of Lemma 1; the ex- 
tended derivations will be denoted by D;. Then we see easily that Dp(y) = 0 for 
ek 

Let p* be a (minimal) prime divisor of zero of P*. Since P is a spot, p* is an 
isolated primary component of zero. Therefore, by virtue of Lemma 2, each D,; 
induces a derivation D’; of P*/p* and D’,(p(y) modulo p*) = 0 forz = 1,..., 7. 
Furthermore, D’,,..., D’, are linearly independent; for, if 2 f,;D’; = 0 (f; « P*/p*), 
then f; = (2f,D’;) (x; modulop*) = 0. 
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Let K be the set of elements of P*/p* which are constants with respect to the 
D, (@@ = 1,...,7r). It is obvious that K is a local domain dominated by P*/p*. 
Since q(y) « 2 x,P* and since y + g(y) modulo p* belongs to K (for any element 
y « P), the residue class ficid of K coincides with that of P*/p*. Letv,,...,v,bea 
system of parameters of P*/p*, whence i < r. The smallest complete local subring 
Q of P*/p*, containing K[v, ... , v,| and dominated by P*/p*, is the set of power 
series in the v; with coefficients in K. Therefore, P*/p* is a finite module over Q. 
Since Q contains a field of characteristic zero, P*/p* is separable over Q. There- 
fore, applying Lemma 3, we have t = r. Furthermore, if K is not a field, then one 
of v;, say v;, can be chosen from K and we have a contradiction by Lemma 3. 
Therefore, K must be a field. 

Now we consider the special case where y is in the maximal ideal m. Since 
q(y) « 2 x,P*, we see that p(y) modulo p* is in the maximal ideal of P*/p*. Since 
p(y) modulo p* « K, we have p(y),¢p*. Since the intersection of all possible p* is 
zero, we see that if y « m, then p(y) = 0, which shows that m is contained in P n 
(D2,P*) = > 2,P, hence m = 22;P. 

Since rank P = r, we see that x, .... 2, form a regular system of parameters of 
P, which proves the theorem. 

2. Proof of the purity for the case of non-perfect ground fields: 

The purity of branch loci for general regular local ring can be stated as follows: 

Let P be a regular local ring and let Q be a normal local ring which is a ring of quo- 
tients of a finite separable integral extension of P. If, for every prime ideal p of rank 
1 in P, pis unramified in Q, then Q is unramified over P. 

Here we understand the unramifiedness in the same sense as in the paper of Zariski 
cited in note |. This assertion will be proved in another paper, and in the present 
note we shall prove in the case where P is a spot over a field, say k. 

LEMMA 4. Assume that a normal ring 0’ is a ring of quotients of a finite separable 
integral extension of a normal Noetherian ring 0. If every prime ideal of rank 1 in 
0 is unramified in 0’, then every integral derivation of 0 can be extended to an integral 
derivation of 0’. 

Proof: Let q’ be an arbitrary prime ideal of rank | in 0’ and set q = q’ f o. 
Let o* and o’* be the completions of 0, and 0’,, respectively. Since g is unramified 
ino’, we have o’* = o* |X |/(f(X)) with a monic polynomial f(X) whose discriminant 
is a unit in o*. Let D be an integral derivation of 0. Then D is an integral deri- 
vation of o,; therefore, by Lemma 1, D can be extended to an integral derivation of 
o*, hence D can be extended to a derivation of 9’*; the extension will be denoted by 
the same letter D. Let x be the residue class of X ino’*. Since the discriminant of 
f(X) is a unit in o*, we see that Dz ¢ 0’*; hence D is an integral derivation of 0’*, 
which shows that D is an integral derivation of o’,. Therefore, Do’ is contained 
in 0’, Where q’ runs over all prime ideals of rank 1 in 0’. Since o’ is a normal 
Noetherian ring, we see that D is an integral derivation of 0’, which proves Lemma 4. 

By virtue of this lemma, we see easily that Zariski’s proof of purity is applicable 
to the case where P is the formal power series ring over a perfect field. 

On the other hand, since Q is a normal spot, the completion Q* of Q is a normal 
local ring and the completion P* of P is the power series ring over a field k (which 
may differ from the original k) in some indeterminates, say 4%, ..., 2, We 
see easily that if the purity is proved for P* and Q*, then the same holds for P and 
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Q. Thus we may assume that P is the power series ring over a field k in indeter- 
minates 7),... -,.%a: 

Let p (¥ 0) be the characteristic of k. Assume that a ek anda’’¢k. Let P’ 
be P[a’”] and let Q’ be the derived normal ring of Q{a'’”]. Then 

Lemma 5. Q’ isa local ring and every prime ideal of rank 1 in P’ is unramified in 
Q’. Furthermore, Q is unramified over P if and only if Q’ is unramified over P’. 

Proof: Since a’? is purely inseparable over Q, we see that Q’ is a local ring. 
Let q’ be an arbitrary prime ideal of rank | in Q’ and set gq = q’ n Q,p’ =q’ n P’, 
p=aq’'nP. Nowthere are two cases to be treated: (i) The case where (a modulo 
p)'’” ¢ P,/pP, and (ii) the case where (a modulo p)”” ¢ P,/pP,. In the first ease, 
P’,/p'P’, is purely inseparable extension of P,/pP, of degree p and p generates 
p’P’,. Since Q/q is separable over P/p, (a modulo q)'”” ¢ Q,/qQ, and therefore the 
same is true for Q’, i.e., Q’,:/q’ Qy = [Q,/aQ,] ({a modulo q]’’”) and qQ’,, = q'Q’,:. 
Therefore, we see that p’ is unramified in this case. In the second case, pP’, = 
p’?P’,.; whence q is contained in q’?Q’,,.. This implies qQ’,, = q’?Q’,, and hence 
p’Q’,, = q’Q’,. On the other hand, from the above facts, we have Q’,-/q’Q’y = 
Q,/qQ,, P’y-/p'P’y = P,/pP,. Therefore, p’ is unramified in Q’. Thus the second 
assertion is proved. Now, if Q is unramified over P, then it is obvious that Q’ is 
unramified over P’. Assume that Q’ is unramified over P’. Since P is complete, 
it is a Henselian ring; hence we may assume that the residue class field of Q is purely 
inseparable over that of P. We see easily that the residue class field of Q’ is purely 
inseparable over that of Q, hence over that of P’. Therefore, unramifiedness shows 
that Q’ = P’; hence we have Q = P and Q is unramified over P. Thus Lemma 5 is 
proved completely. 

Now, by virtue of Lemma 5, we can easily reduce to the case where k is the small- 
est perfect field containing the original k. Therefore, by the first remark that 
Zariski’s proof is valid for power series ring over a perfect field, we see the general- 
ization for the case of non-perfect fields. 

Remark. The main reason why we cannot apply directly the method of Zariski 
to the case of spots over a non-perfect ground field is that in this case a simple spot 
may not be absolutely simple, and if P is a simple spot which is not absolutely 
simple, then there exists no system of elements 2, .. . , x, such that (i) they form a 
separating transcendence base of P over the ground field and (ii) partial derivations 
0/dx; (7 = 1,...,7) can be extended to integral derivations. 

* This work was supported by a research grant of the National Science Foundation. 

1Q. Zariski, On the purity of the branch locus of algebraic functions, this issue of these PRo- 
CEEDINGS. 

2 A derivation D of a ring 0 is called an integral derivation of 0 if DO C 0; cf. Nagata, “A 
General Theory of Algebraic Geometry over Dedekind Domains. II,”’ forthcoming in Am. J. 
Math., Vol. 80, 1958. This notion corresponds to the regularity of derivations at points (cf. the 
paper of Zariski cited in n. 1). 





RADIOACTIVE FALLOUT 
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I. IJntroduction.—The radioactivity produced by the detonation of nuclear 
weapons has been extensively studied and reported upon.'~'’ From this work 
we have learned about the amount of radioactive fallout which occurs and the 
mechanisms for its dissemination in a broad and general way. A few of these 
general points are as follows: 

1. The stratosphere plays an extremely important role for the fallout from 
megaton-yield weapons, and the troposphere is the medium which disseminates 
the fallout from kiloton detonations; thus, speaking broadly, stratospheric debris 
is from megaton-yield detonations and the tropospheric fallout is from those of 
lower yield. It is not that the yield of the detonation is determinative but rather 
that the altitude to which the fireball rises before its average density is equalized 
with that of the surrounding air determines the fallout rates. The megaton-yield 
fireballs are so enormous that they stabilize at levels only above the tropopause— 
the imaginary boundary layer dividing the upper part of the atmosphere, the 
stratosphere, from the lower part, the troposphere—while the kiloton-yield fireballs 
stabilize below the tropopause. The tropopause normally occurs at something like 
40,000-50,000 feet altitude, although it depends on season and location. In other 
words, low-yield bombs fired in the stratosphere would be expected to give the 
same slow fallout rates as high-yield weapons do when fired in the troposphere—or 
on the surface, if attention is focused on the part of the fallout which does not come 
down locally to form the oval-shaped pattern pointed in the downwind direction. 

2. The stratospheric debris descends very slowly, unless, of course, it is so 
large as to fall in the first few hours. This paper is concerned only with the world- 
wide fallout—that is, the fallout which does not occur in the first few hours—and 
excludes the local fallout, which constitutes the famous elliptical pattern that is 
so hazardous because of its radiation intensity but which, in test operations, is 
carefully restricted to test areas. It is worth mentioning in passing that the local 
fallout may be the principal hazard in the case of nuclear war. Most serious 
attention should be paid to it in civilian defense programs. 

The world-wide fallout from the stratosphere is literally world-wide in that the 
rate of descent of the tiny particles produced by the detonations is so small that 
something like 10 years or somewhat less probably is the average time they spend 
before descending to the ground, corresponding to an average annual rate of about 
10 per cent of the amount in the stratosphere at any given time. It is not clear as 
to just how they do finally descend. It seems probable that general mixing of the 
stratospheric air with the tropospheric air, which occurs as the tropopause shifts 
with season and as it is brought about by the jet streams, constitutes the main 
mechanism and that the descent of the stratospheric fallout is never mainly due to 
gravity, but rather that the bulk mixing of stratospheric air with tropospheric air 
brings the radioactive fallout particles down from the stratosphere into the tro- 
posphere, where tropospheric weather finally takes over. The mechanism makes 
the percentage fallout rate the same for all particles too small to fall of their own 
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weight—axud the same as would be expected for gases, provided that some means of 
rapidly removing the gases from the troposphere exists; hence the reverse process 
of troposphere to stratosphere transfer does not confuse the issue. 

3. World-wide radioactive fallout in the troposphere is restricted to the general 
latitude of the detonations, for the reason that the residence time in the troposphere 
is about 30 days.'*-*?. The lifetime of fine particles in the troposphere appears to 
be determined by the cleansing action of the water droplets in the clouds. For 
those particulates which are below 1 yu in diameter, Greenfield™ calculates that the 
mean residence time of a 1l-y» particle in a typical cloud of water droplets of 20 u 
in diameter may vary between 50 and 300 hours, but that a particle of 0.04-» 
diameter will last only 30-60 hours and that a particle of 0.01-u diameter will 
last only 15-20 hours. The theory calculates the diffusion due to Brownian motion 
and says that it is just this motion induced by the collisions with the air molecules 
that makes possible the contact between the fallout particles and the cloud drops. 
Since this theory is based on first principles, with the single assumption that the 
fallout particle sticks to the water droplet on impact—an assumption so plausible 
as to be almost beyond doubt—it is no surprise to learn experimentally that the 
Greenfield theory appears to be correct. 

There is essentially no world-wide fallout in the absence of rainfall—i.e., in 
desert regions—except for a little that sticks to tree leaves, blades of grass, and 
general surfaces, by the same type of mechanism as that Greenfield describes in 
the case of clouds. Thus we see that it is the moisture in the troposphere which 
assures the short lifetime of the world-wide fallout particles and that, when the 
stratospheric air, which contains essentially no moisture and therefore has no 
cleansing mechanism, descends into the troposphere, the tropospheric moisture pro- 
ceeds to clean it up. On this model, we see that, for submicron fallout particles, 
weather phenomena are controlling and that the bombs which have insufficient 
energy to push their fireballs over the troposphere will have their world-wide fallout 
brought down in raindrops in a matter of about a month, in extreme contrast with 
the stratospheric material, which apparently stays aloft for something like 10 
years, on the average. The contrast between these two lifetimes means that the 
concentration of radioactive fallout in the stratospheric air in terms of equal densities 
of air is always much higher than in tropospheric air. This has been experimentally 
observed to be true.”* In fact, the stratospheric content is about 100-fold higher 
than that of the troposphere, corresponding to the much longer stratospheric 
residence time. Later in this paper, new data on the fallout content of the strato- 
sphere are given. 

It is inherent in the Greenfield mechanism that the total world-wide fallout will 
be proportional to rainfall if other factors are not allowed to vary. Thus we find 
that the Mediterranean basin" affords a good example of the truth of this principle. 
Other regions are northeastern United States, southeastern United States, northwest- 
ern United States, and southwestern United States.*4 It is now well established that 
desert areas have very little fallout. 

4. After falling to the ground in the form of rain or being picked up on the 
surface of the leaves of grass or trees by the same type of Brownian-motion accretion 
mechanism that causes cloud-drop pickup, the radioactive fallout may enter the 
biosphere by normal biological processes. Radioactive strontium-90 and radio- 
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active cesium-137 are the twoprincipal isotopes which have this facility, are produced 
in high yield by the fission reaction, and are of long enough lifetimes to be dis- 
seminated world-wide, particularly by the stratospheric mechanism—about 28 
years half-life for each. Strontium-90 is produced at a level equivalent to about | 
millicurie of strontium-90 per square mile of the earth’s surface for every 2 megatons 
of fission energy, and radiocesium is produced at about 50 per cent higher yield. 
Of the two isotopes, strontium-90, because of its chemical similarity to calcium, 
collects in human bone, where it is held for yerrs and. where its radiations might 
then cause deleterious effects on the health of the individual, such as leukemia or 
bone cancer. It is interesting that strontium-90 constitutes a relatively less 
important genetic hazard because of the short range of its radioactive radiation 
and the fact that it is not held in the reproductive organs. Radiocesium stays in the 
human body only 6 or 8 months, on the average, because it has no permanent 
structure like the bone for which it has a natural affinity. As a result, the amount 
of radiation occurring from internally ingested radiocesium is much less and most 
likely is subject to palliative measures calculated to reduce its time in the body. 
Strontium-90 taken into the bone, however, appears to be stored for many years, 
the exact time not being known very well.* Radiostrontium is taken into the 
body because of its similarity to calcium, but there is a definite difference in chem- 
ical behavior which causes animal organisms to prefer calcium. Thus the radio- 
strontium content of newly deposited bone calcium is less than that for food 
calcium. In many countries the principal source of calcium is milk products; 
hence the fact that cow’s milk has only one-seventh the strontium in it per gram of 
‘alcium that the cow’s food has and that milk taken into the human body similarly 
deposits calcium in the bones with only half the strontium-90 content of the milk 
itself means that human beings naturally have a lower strontium-90 to calcium 
ratio for new bone than for the food source by something like a factor of 15 for 
dairy products. On the other hand, vegetation containing strontium-90 also 
deposits its strontium relatively inefficiently, with a factor of something like 4 
less strontium in the bone from these sources than is carried in the vegetable food 
itself—all relative to calcium. In some countries where calcium in the human diet 
comes principally from vegetables, other sources of calcium contribute, some of 
which contain essentially no strontium-90—namely, sea food. Because fallout is 
diluted so quickly by the action of the waves in the ocean, the concentration of the 
radioactive strontium in the sea calcium is very much lower than it is in the soil 
of the land in which the grass and vegetable crops grow. This difference becomes 
even larger when the effects of direct leaf and stem base pickup are considered. 
This perhaps accounts for the high values reported by Ogawa” for rice in Japan. 
Hence, fish from the sea are naturally at the lowest level in radiostrontium and 
sea food should be the lowest source of calcium among ordinary human foods. 
With all these factors taken together, the world populations assimilate calcium at 
a much lower radiostrontium content than is exhibited by land plants. Eckel- 
mann, Kulp, and Schulert'® have given a detailed sample calculation recently, 
based on their extensive measurements on human bone, and Comar has given the 
general principles for this type of calculation.” 

5. The biological hazard from the radioactive fallout from weapons-testing is 
not well known, and, like many biological problems, the determination of the 
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hazard in any exact way seems to be almost impossibly difficult. Fortunately, 
however, it is possible to compare the radiation from radioactive fallout with the 
intensities of natural radiation to which we are always exposed. For example, it 
is clear that the present level of the radiostrontium in the bones of young children, 
which are, of course, closest to being in equilibrium with the fallout, since adults 
have had their bones some time even before there was any radioactive fallout, is 
about 2 milliroentgens per year as compared to an average natural dosage of 150- 
200 milliroentgens per year, about 1—2 per cent of the dosage from natural sources 
to the bones, depending upon location. Natural radioactivity present in the ground, 
building materials, and even our own bodies gives us an average total dose at sea 
level of about 150 milliroentgens per year, and medical X-rays add something like 
another 150 milliroentgens. The radiocesium taken into the body and the penetrat- 
ing radiations from non-assimilable radioactive fallout contribute perhaps another 
3 or 4 per cent to the whole-body dosage. Thus the total dosage to freshly formed 
human bone is, at most, 5 per cent of the natural dosage. Furthermore, we do know 
that the variations in natural background dosages from place to place are enormous 
in magnitude as compared to the average value and, of course, as compared to the 
fallout dosage. For example, it has been found® that exposure rates from external 
radiation rise from a value of about 90 milliroentgens per year at sea level to some- 
thing like 150 milliroentgens per year at 5,000-6,000 feet altitude in the United 
States. These numbers are considerably larger than those expected on the basis of 
earlier calculations and measurements,*:?*—*! the increase apparently being due to the 
cosmic rays and their increase with altitude. In addition, the effects of radio- 
activity in the soil and in building materials made of stone or soil are considerable, 
amounting in some instances to 50 or 100 per cent of the average natural background 
dose at sea level, and the magnitude of the medical exposures to X-rays approxi- 
mates, on the average, those due to all natural sources.*? 

We see, therefore, that, whatever the extent of our ignorance of the biological 
effects of radiation, we do know that these effects are not unexperienced by the 
human species, even from the genetic point of view, since it is clear now that 
persons living at high altitudes on granitic rocks always have received extra radia- 
tion many times greater than is contained in the radioactive fallout from the testing 
of nuclear weapons and that even those living on certain sedimentary rocks at sea 
level always have received about ten to twenty times the present fallout dose. 

Of course, this does not mean that any of the effects from radioactive fallout are 
in any way negligible, and it does not mean that certain numbers of people will not 
be injured by radioactive fallout radiations, even though these numbers be very 
small relative to the total population of the world. However, the problem is 
bounded, and common sense and good judgment can be brought to bear on the 
extent of the biological hazards, even though they are not now known exactly and 
probably will not be well understood for many years. Researches to increase this 
understanding are being done, in the United States and United Kingdom and other 
countries. Information on radioactive fallout and all its aspects, both physical 
and biological, is collected and collated by the United Nations Scientifie Committee 
on the Effects of Atomic Radiation, which is drafting its first report at the present 
time. 

6. From our study of radioactive fallout from testing, we have learned much of 
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value about the circulation of the atmosphere of the world, and we have much 
more to learn as the study continues, particularly in the stratosphere by balloon 
and aircraft sampling techniques being carried out principally in the United States 
at the present time. As we undertake the problem of locating the fallout in the 
oceans, we undoubtedly will learn much of interest to oceanographers about the 
circulation of the water in the seas. 

7. From our understanding of radioactive fallout from tests, we are the better 
able to devise methods of civilian defense against fallout in the case of nuclear war, 
and widespread popular interest in the potential possible hazards from radioactive 
fallout from nuclear tests has led to a considerable understanding on the part of 
the general public of these strange phenomena. From this debate and study may 
come the protection for millions if nuclear war should occur. 

Understanding of the nature of the mechanism by which radioactive fallout 
is disseminated has led to the reduction of the offsite fallout from testing. We 
know now that bombs placed upon the ground produce relatively more local fall- 
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out and therefore less world-wide fallout. It seems likely that firing on the surface 
of the sea has a similar, though probably considerably less marked, effect. 
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II. Recent Data and Their Implications.—Figures 1, 2, 3, 4, and 5 and Tables 
and 2, which are up-to-date versions of earlier publications, give the most recent 
results for the fallout observed for rainfall collections, for the strontium-90 content 
of milk (fresh and dry), for human bone, and for animal bone. It is particularly 


TABLE 1* 
Sr® in Fattour at MONITORING SITEs OuTsIDE CONTINENTAL UNITED STATES 
(High-walled Stainless-Steel-Pot Collections 
me Sr%/mi? 


Precipitation Observed Calculated 
Inches) me Sr%/mi? from Theory 


Bangkok, Thailand (14° N.): 
March, 1957 95 0.05 0.085 
April, 1957 5.85 0.13 0.25 
May, 1957 56 0.037 0.068 
June, 1957 9.36 0.016 0.41 
July, 1957 63 0.022 0.29 
August, 1957 70 0 0.051 
Nagasaki, Japan(35° N.): 
August, 1956 17.43 0.3¢ 0.76 
September, 1956 16 0.71 
October, 1956 3 0.16 
November, 1956 1 0.063 
December, 1956 l 0.069 
January, 1957 3. 9- 0.172 
February, 1957 3 0.143 
March, 1957 1 0 
April, 1957 11 
May, 1957 6. 4¢ 
June, 1957 10 
July, 1957 28 
August, 1957 11.36 
September, 1957 14.7 


4 
3 
1 

) 


WN Ne bo 


* rogram administered and monitored by Health and Safety Laboratory of New York Operations Office, 
USAEC. 





Hiroshima, Japan (35° N.): 
August, 1956 
September, 1956 
October, 1956 
November, 1956 
December, 1956 
January, 1957 
February, 1957 
March, 1957 
April, 1957 
vg 1957 
June, 1957 
July, 1957 
August, 1957 
September, 1957 
Rio de Janeiro, Brazil (23° S.): 
September, 1956 
October, 1956 
November, 1956 
December, 1956 
January, 1957 
February, 1957 
Salisbury, South Rhodesia (20° S.): 
November, 1956 
December, 1956 
January, 1957 
February, 1957 
March, 1957 
April, 1957 
Kikuyu, Kenya (0°): 
January, 1957 
February, 1957 
March, 1957 
April, 1957 
a 1957 
June, 1957 
July, 1957 
August, 1957 
September, 1957 
Dakar, French West Africa (14° N.): 
August, 1957 
September, 1957 
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TABLE 1—Continued 
Precipitation 
(Inches) 


93 
83 
3.51 
64 
23 
15 
26 


cr ho 0 09 09 
ne 


_ 
mm He OO DS SO — oro orss I 
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tw 


Durban, Union of South Africa (30° S.): 


June, 1957 
July, 1957 
August, 1957 
September, 1957 
Pretoria, Union of South Africa (30° 
July, 1957 
August, 1957 
Vienna, Austria (47° N.): 
June, 1957 
July, 1957 
August, 1957 
Klagenfurt, Austria (47° N.): 
August, 1957 
PRECcIP- 
ITA- 


TION 
(INcHEs) 


Oahu, Hawaii (20° N.): 
June, 1957 0.32 
July, 1957 2.10 
August, 1957 1.f 
September, 1957 1.! 


S.): 


73 


3.51 


PRECIP- 
ITA- 
TION 

(INCHES) 


OBSERVED 
Mc Sr®/Mi1? 
AEC Weather 
Lab. Station 


0.83 
1.62 
0.62 


0.72 


Observed 
me Sr%®/mi? 


OBSERVED 
Mc Sr®/M:1? 
UNIVERSITY 
or Hawart 


0.58 
0.42 
0.306 
0.159 


Proc. N. A. 3. 


me Sr#®/mi? 
Calculated 
from Theory 


0.52 
0.15 
0.072 
0.010 
0.097 
0.098 
0.056 
2.3 


oe 


0.085 
0.135 
0.155 
0.155 
0.12 


0.22 


0.32 
0.34 
0.26 
0.04 
0.24 
0.05 


0.43 
0.10 
0.13 
0.31 
0.64 
0.068 
0.0035 
0.0087 
0.10 


0.23 
45 


0.017 
0.017 
0.034 
0.21 


0.187 
0.068 


0.29 
85 


ie 
1.0 


Mc Sr®/Mi? 
CALCULATED 
FROM THEORY 


0.036 
0.071 
0.134 
0.027 





Vo. 44, 1958 PHYSICS: LIBBY 


TABLE 1—Continued 


Sr® in Fattout at OTHER UnNiTEep States MONITORING SITES 
(High-walled Stainless-Steel-Pot Collections) 
Mc Sr®/Mi? 
CALCULATED 
FROM THEORY 
With Without 
PRECIPITATION OBSERVED Russian Russian 
(INCHES) Mc 8Sr”/M1? Component Component 
Lemont, Illinois (44° N 
December, 1956 26 0.14 5 0.053 
January, 1957 2.06 0.30 sd 0.088 
February, 1957 77 0.27 y 0.076 
March, 1957 98 0.47 0.085 
April, 1957 3.09 1.15 2.8 1.3 
May, 1957 3.21 0.27 0.68 
June, 1957 5.94 0.48 9: 1.0 
July, 1957 98 1.57 3.6 1.9 
August, 1957 5.36 0.69 : 1.1 
September, 1957 Os 0.12 : 0.21 


Mc Sr®”/Mr 

CALCULATED 

FROM THEORY 

PRECIPITATION OBSERVED With U.S. Without U.S. 
INCHES) Mc Sr®/Mr? Component Component 
Birmingham, Alabama (33° N.): 

April, 1957 5.41 0.83 0.23 
May, 1957 2.96 0.39 ): 0.13 
June, 1957 70 0.95 ) 0.33 
July, 1957 2.62 0.80 0.55 0.11 
August, 1957 4.19 1.10 0.87 0.37 
September, 1957 9.59 0.42 2.0 0.41 


With Without 
Russian Russian 
Component ‘omponent 
Salt Lake City, Utah (38° N.): 

December, 1956 1.67 31 0.66 0.071 
January, 1957 q 8 0.54 0.058 
February, 1957 r 83 0.29 0.031 
March, 1957 2.18 2.39 0.87 0.093 
April, 1957 $3! 2.30 1.4 0.65 
May, 1957 3.37 81 1.5 0.70 
June, 1957 d 61 0.66 0.31 
July, 1957 - 94 0.13 0.06 


me Sr®/mi? 
Precipitation Observedt Calculated 
(Inches) me Sr®/mi? from Theory 
West Los Angeles, California (34° N.): 
December, 1956 4¢ 0.15 0.02 
January, 1957 : 0.99 0.16 
February, 1957 ¢ 0.76 0.08 
March, 1957 9: 0.09 0.041 
April, 1957 me * 0.84 0.28 
5 oy 1957 27 0.24 0.056 
June, 1957 ; 0.12 0.012 
July, 1957 : 0.92 0.006 


With U.S. Without U.S. 
Component Component 
South Miami, Florida (26° N.): 

April, 1957 5 , 7 0.22 
May, 1957 ; . 2. 0.44 
June, 1957 : .é ; 0.27 
July, 1957 5 0.35 
August, 1957 3.6 i > 0.58 
September, 1957 5. 2 . 5% : 0.27 


t+ Some local fallout from Nevada. 


interesting to note that the data continue to show the principal features noted 
previously and that little new in principle has appeared. 
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Figure 6 shows preliminary data from the AEC 
program on the stratospheric content of strontium- 
90. The data are preliminary for the reason that 
the air-filter efficiencies are unknown at the present, 
although estimated to be something like 25 per cent. 
The samples are taken by pumping stratospheric air 
through filters, which are then analyzed. Even 
though an enormous scatter is present for reasons of 
time and experiment, it is clear that there is 
no large variation in the stratospheric content of 
strontium-90 between the latitude of 30° S. and the 
Northern Hemisphere. Since most of the megaton- 
yield explosions have occurred in the northern lati- 
tudes, though the Pacifie Testing Grounds are only 
11° north of the equator, it appears that this evi- 
dence argues for rapid north and south mixing in 
the stratosphere. As we shall see later, other evi- 
dence in the dissemination of non-radioactive carbon 
dioxide derived from the combustion of fossil fuels**—*7 
and in the dissemination of bomb-derived radioac- 
tive carbon-14 seems to confirm this.*~-*® It is in- 
teresting to note also that the actual content of the 
stratosphere is not in disagreement with the esti- 
mates given earlier,» ® “although the value of the fil- 
ter efficiencies remains to be settled, and it is es- 
timated at the efficiency of about 25 per cent on 
evidence assuming homogeneity of the particle size. 
Experiments are now under way to settle the point. 

In the model previously advanced,® * " it is pro- 
posed that material introduced into the stratosphere 
is mixed immediately horizontally to a uniform con- 
centration and has a residence time of 10 years. 
Further, it is assumed that the latitudinal spread of 
tropospheric bomb clouds is only 10°, with a sharp 
step function rather than a normal error-curve dis- 
tribution. The bomb debris is arbitrarily assigned 
to the stratosphere except for 1 per cent tropospheric 
in the case of megaton yields. Local fallout is as- 
sumed to be 80 per cent for land surface shots, 20 
per cent for surface-water shots, and zero per cent 
for air shots. All kilo-yield shots are assigned to the 
troposphere. On these very simple bases we are 
then, from classified data about the magnitudes and 
nature of the explosions, able to estimate the to- 
tal fallout for any place on earth if the deposition 
from the troposphere is assumed to be proportional 
to the rain content at a given location. Figure 7 
gives such a theoretical latitudinal fallout profile 
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LATITUDE 
Fia. 6. 


tor world-wide fallout as of December, 1957, neglecting rainfall variation, and Figure 
8 is the corresponding world map. Figure 9 gives the corresponding timewise varia- 
tions in the nothern latitudes and compares them with the rainfall fallout curves for 
Milford Haven in England.*! Figure 10 gives a similar comparison for Chicago and 
Pittsburgh. Curves for other latitudes are given in Figures 11 and 12. Figure 13 
gives the estimated stratospheric reservoir and the expected composition in strontium- 
89 versus time. If afurther assumption is made, namely, that the proportion of the 
fallout in a given location is given by the ratio of the rainfall to the world-wide 
average, 0.77 meters,*? it is possible to compare the detailed fallout observed by 
the pot-collection programs in various localities with the theoretical predicted val- 
ues, and these are given in Table 1. 

On the basis of these comparisons and in the absence of conclusive evidence as to 
the age of radioactive fallout, it appears that the simple theory outlined explains 
the known information within the experimental error. It may develop when more 
reliable data are available on the age of fallout through the use of the short-lived, 
12.8-day half-life barium-140 fission product that a mechanism by which a sort of 
concentrated leaking from the stratosphere occurs at a latitude of about 40° more 
may be proved or disproved. At the present time the observed extreme concentra- 
tion may be explained as being due to coincidence of the tropospheric fallout from 
the United States and Russian tests. If this theory be correct, the barium-140 


content in periods of high fallout will show that the fallout is young. It is to be 
hoped that these data will be forthcoming soon. 

Machta,!*: 42 and Stewart, Osmond, Crooks, and Fisher?! have stated that 
meteorological considerations and likely stratospheric wind patterns, together with 
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evidence that the Sr’°/Sr® ratio of the fallout shows the fallout to be old, have led 
them to the conclusion that the heavier fallout observed in the 40°-50° N. latitude 
band is stratospheric and not tropospheric in origin, as proposed here. The 
issue still seems to be unsettled, since the radiochemical difficulties of the deter- 
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WORLD FALLOUT MAP 
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Fig. 9. 
mination of the Sr**/Sr® ratio are large and may well have introduced sizable errors 
into some of the reported values for this number and since it apparently is possible 
to account reasonably well for the observed fallout distribution on the present 
uniform stratospheric fallout theory as shown in the present paper. The critical 
difference between the two theories is in the matter of the age of the fallout. Better 
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und more significant results probably will be available soon, using the Ba!°/Sr® 
ratio, which for both radiochemical and lifetime reasons is more suitable than 
Sr**/Sr®. Moreover, Ba! has a half-life of 12.8 days, which is more appropriate 
to distinguishing between an expected fallout age of perhaps 30 days, on the one 
hand, and of about 1-2 years, on the other, than is the Sr*® half-life of 51 days. 
The radiochemical procedure for Ba! is very similar to that for Sr®, and both are 
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more sensitive and reliable than the Sr*® procedure, which is particularly susceptible 
to errors from radioactive impurities such as other fission products which may have 
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been imperfectly separated. Both Ba! and Sr® are measured by short-lived 
radioactive daughters of characteristic half-life, which can be repeatedly removed 
and measured, since a new supply is grown into equilibrium each time a separation 
has been made. 

The importance of settling this point is obviously considerable for both meteorol- 
ogy and geophysics and certainly for the understanding of the mechanism of 
radioactive fallout. Perhaps the Ba! data will show the truth to lie somewhere 
between the two mechanisms. 

Rafter*® and Rafter and Fergusson®* have shown that carbon-14 increases in 
surface air at Makara in New Zealand and in New Zealand woods and ocean 
carbonate, as shown in Figure 14. This additional carbon-14 is due to bomb- 
generated neutrons which react with air nitrogen to produce it. They find about 
2.1 per cent increase per year. 


BOMB C'* EFFECT 





TEXAS TREE RINGS 
(WILLIAMS OF HUMBLE OIL & REFINING CO.) 


2.468 / YR, 


INCREASE IN C'4 CONTENT (x) 








SURFACE CO, AT MAKARA 


Bo aa 





INCREASE IN C'* CONTENT (%) 





i. 





1956 
Fig. 14. 


Williams,® of the Humble Oil and Refining Company, finds 3.0 + 0.5 per cent 
per year in Texas tree rings (Fig. 14), and de Vries** in Holland and Miinnich® 
in Heidelberg, Germany, both report increases. The carbon-14 increase in the 
flesh of the land snail, Helix pomatia, amounted to 4.3 per cent between November, 
1953, and June, 1957, in Holland, while an increase of about 10 per cent during 
1955 and 1956 occurred in Heidelberg in various biosphere samples. 

At a rate of 2.5 neutrons per 200 Mev of energy release, 1 megaton would generate 
3.2 X 10% carbon-14 atoms. The best estimate, keeping in mind that a substantial 
amount falls back as calcium carbonate, would be that about 10% carbon-14 atoms 
have been introduced into the atmosphere, mostly into the stratosphere. The 
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estimate of 2.5 neutrons per 200 Mev energy released is higher than an earlier 
estimate based on an assumed 15 per cent escape efficiency,“ the later value being 
based on firmer information. It also attempts to weigh fusion and fission as they 
have actually occurred. 

About 9.4 X 10” carbon-14 atoms are normally present in the stratosphere 
because of cosmic-ray production.” This figure assumes 22 per cent of the at- 
mosphere to be in the stratosphere. Therefore, with world-wide stratospheric 
circulation, the rise in the stratosphere should be about 100 per cent, as was found 
in a few measurements made on samples collected in October, 1956. Further 
measurements are in progress. 
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Fig. 15. 


In the troposphere in the 3 years since the 1954 Castle test at the 10 per cent per 
year figure used for fallout, about 3 X 10”? carbon-14 atoms should have descended, 
or about 1 X 10” carbon-14 atoms per year. The average carbon-14 inventory in 
the troposphere is 3.3 X 10% without including the ocean or biosphere; hence the 
observed carbon-14 rise might be as high as 3 per cent per year, as appears to have 
been observed. 

If mixing with the biosphere and top ocean above the thermocline occurred 
immediately, according to Arnold and Anderson,” who gave 0.2 gm/cm? in the top 
100 meters of the ocean, the total tropospheric reservoir would be 7.5 X 107, 
giving an expected rate of increase due to the bombs of 1.3 per cent per year, which 
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is in fair agreement with the observations if we assume that the mixing with the 
ocean and the biosphere, particularly the former, is not quite instantaneous. 

The main points are that the ratio of the Northern to the Southern Hemisphere 
effect here is not enormous and fits fairly well with the notion that stratospheric 
gases have a residence time not too different from that of the ultrafine world-wide 


fallout particles. 

In addition, ‘Fergusson** has recently found in studying fossil CO: and its effect 
on reducing the carbon-14 content of the biosphere that the mean life of a CO, 
molecule before being absorbed from the tropospheric air into the oceans and bio- 
spheres is perhaps 2 years and that north-to-south mixing of the fossil CO: occurs in 
less than 2 years. Consequently, it seems clear that the 10-year residence time for 
stratospheric gases before descent into the troposphere seems to fit data for carbon- 
14 from bombs as well as the strontium-90 and cesium-137 fallout data. 

The bomb tests to date have produced enough carbon-14 that, when it has come 
to mixing equilibrium, it will have increased the amount naturally present in all 
living matter by one-third of 1 per cent. 

The normal radiation dose from carbon-14 may be compared with the increase in 
the dose from cosmic rays as the elevation increases. In these terms the normal 
carbon-14 dose (1.5 mr/year) is equal to about a 100-foot increase in elevation. 
Therefore, the extra radiation dose from this product of nuclear tests is equivalent 
to an increase in altitude of a few inches. 

In the years before equilibrium with the deep ocean is reached—about 500 
years—the level will rest temporarily at about a 3 per cent increase or the equivalent 
of a 3 foot altitude increase. This is after the first period of perhaps 10 or 20 years 
before dilution in the top layer of the ocean and with living and dead organic matter 
occurs, when the increase will be about 20 per cent, or about 20-foot equivalent 
altitude increase. Because the lifetime of radiocarbon is very long—8,000 years 
on the average—the equilibrium situation is the more significant. 

Figure 15 gives up-to-date data on the occurrence of tritium in rainwater in the 
Chicago area.*? * * It is clear that, whereas strontium-90 and probably carbon- 
14 remain in the stratosphere for years, the tritium from high-yield thermonuclear 
detonations does not, but descends in a matter of 1 or 2 months. This is most 
probably due to the enormous mass of water carried into the stratosphere by the 
fireballs of detonations in the moist tropospherie air. The characteristic white 
mushroom cloud is evidence of the formation of ice crystals in the cold stratospheric 
air, which, if large enough to be seen in this way, must certainly be large enough to 
fall into the troposphere, where they melt and join in the ordinary phenomena, 
i.e., fallout as rain or snow. Thus a large fractionation relative to fission products 
and radioactive carbon dioxide occurs. Of course, there probably is some entrain- 
ment of fission products on the surfaces of the falling ice crystals by the Green- 
field Brownian-motion accretion mechanism. In fact, it is known that about 1 
per cent of megaton yield offsite fallout occurs in the early banded tropospheric 
manner. This may be due to this entrainment, and thus one would expect that the 
latitudinal distributions of early tropospheric fallout of both fission products and 
tritium water from magaton-yield bombs fired in the troposphere’ should be identical. 
No satisfactory data are now available to check this point. In the calculations 
in this paper the figure of 1 per cent for tropospheric contribution from megaton 
yields has been used. 
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III. Conelusion.—The more recent data, particularly on bomb carbon-14, 
when taken together with the earlier data on bomb fission products and tritium, 
give us some confidence in our present. understanding of the fallout mechanism. 
All these observations and considerations afford unprecedented opportunities for 
the study of meteorology and geophysics, particularly in an international co- 
operative effort such as the International Geophysical Year. 
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THE HUMAN ELECTROHYSTEROGRAM: WAVE FORMS AND 
IMPLICATIONS* 


By 8. D. Larks, Px.D. 
DEPARTMENT OF BIOPHYSICS, SCHOOL OF MEDICINE, UNIVERSITY OF CALIFORNIA AT LOS ANGELES 
Communicated by H. W. Magoun, May 16, 1958 


Notwithstanding Bode’s observation! of the deflection of a galvanometric needle 
during a uterine contraction, the development of bioelectric studies of the uterus 
in situ (electrohysterography) has proceeded slowly and sporadically. Studies 
both abroad?: * 4 > and in this country®: 7: * have made contributions. With our 
demonstration of a uterine electrical complex bearing a one-to-one relationship to 
the uterine contraction,®: ': | the studies have been placed on a firmer basis. In 
this communication certain recent findings which indicate pacemaker function and 
propagated waves will be presented and their implications discussed. 


MATERIALS AND METHODS 

In the course of these investigations 293 subjects have been studied in labor, all 
under conditions of maximum comfort and quiet. Skin overlying the uterus is 
prepared by rubbing in ecg paste which is then washed off. Pairs of bipolar elec- 
trodes are placed on the uterus at 10-cm. spacing, or for unipolar recording the 
exploring electrode is over the uterus and the indifferent electrode on the thigh. 
Direct coupled recording systems are essential for the slow events of the uterine 
contraction. One-centimeter German silver electrodes and 5-mm. solder electrodes 
have been used. Details of the technique have been described.* 


RESULTS 


For a better understanding of these studies, one of the first successful recordings 
of the human electrohysterogram is here reproduced (Fig. 1). Time and amplitude 
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-alibrations are as shown, and along the lower border may be seen a signal from the 
patient indicating the beginning, duration, and end of her labor pain. It will be 
observed that this electrohysterogram consists, broadly speaking, of a diphasic 
wave plus a following slow event or slow wave. Lettering has been assigned 
arbitrarily, the letter U signifying the association with the uterine contraction, 
with subscripts for various parts of the wave form. The subscripts are not intended 
to have any functional significance. 

Figure 2 shows a pair of wave forms, a portion of a two-channel simultaneous 
recording from the left and right sides of the uterus in active labor. The upper 
tracing was recorded from the left side, the lower tracing from the right side. In 
this case, arrows indicate the beginning and end of the labor pain. The wave form 











Fic. 1.—One of the earliest successful recordings of the human electrohysterogram. The wave 
form during contraction is diphasic. Along the lower border may be seen the signal from the 
subject’s hand switch, indicating the beginning, duration, and end of her labor pain. 


from the left side may be observed to consist of an initial spikelike rise, a sharp 
diphasic reversal (U,, deflection), and finally a slow recovery. On the right side 
the wave form is monophasic in broad outline, beginning with the rapid U,, de- 
flection and with slow recovery thereafter. High-frequency activity is marked on 
the right-side wave form. 


DISCUSSION 

With the use of a timing tape, placed so as to coincide with the onset of the U,, 
deflection of the right side, it may be seen that the comparable deflection on the 
left side occurs at a later time. This suggests propagated wave activity originating 
on the right side. This time difference, as well as the morphological differences in 
the wave forms, lays the basis for theoretical analysis. 

1. Prediction of the Wave Form in Non-Pacemaker Areas.—lf a model is assumed 
in which a single focus or pacemaker exists, with radial spread of a dipolar wave 
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of excitation, as was done by Wilson and co-workers,” the equation for the potential 
of an exploring electrode may be shown to be” 


i 4e'u(x + a) + 2 do 
se Vi(iea+ats)?+ Bb? Jo Sd ve k,? sin? @ 











» 


4e'u(x + a) f 2 do 
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The equation is seen to be the resultant of the contributions of the two charged 
layers, as represented by the two complete elliptic integrals. The value of each 
integral depends upon the modulus /, approaching infinity as k > 1. This latter 
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Fic. 2.—A pair of the wave forms as observed during a simul- 
taneous two-channel recording of active labor. The lower trac- 
ing is from the right side, the upper tracing is from the left side. 
Arrows indicate beginning and end of labor pain. The timing 
tape has been placed at the leading edge of the U,, deflection on 
the right side. The comparable deflection on the left side occurs 
at a later time. 


condition is fulfilled, in turn, as each charged layer or ring crosses under the electrode, 
as is possible if the potential distribution is assumed to move past a distant elec- 
trode. This equation may be plotted, and the predicted wave form in an area 
distant from the focus is as shown in Figure 3 (upper group, left). This wave form 
may be compared with the electrogram of the cardiac auricle taken at a point distant 
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OBSERVED AURICULAR 


PREDICTED WAVEFORM FOR OBSERVED ELECTROHYSTEROGRAM 

AN AREA DISTANT FROM LEFT SIDE OF UTERUS ELECTROGRAM, FROM 

A PACEMAKER AREA DISTANT FROM 
THE SA NODE 


ee | 


* W 


PREDICTED WAVEFORM FOR OBSERVED ELECTROHYSTEROGRAM OBSERVED AURICULAR 


A PACEMAKER AREA RIGHT SIDE OF UTERUS ELECTROGRAM, FROM 
SA NODAL REGION 


Fic. 3.—Upper group: Comparison of predicted and observed wave forms for regions distant 
from a focus: left, predicted wave form; center, observed electrohysterogram, uterine left side; 
right, observed electrogram, right auricle of heart. Lower group: comparison of the predicted 
wave form for a pacemaker area with the observed wave forms from uterus and auricle: left, 
predicted wave form; center, observed electrohysterogram, uterine right side; right, observed 
unipolar electrogram, sino-auricular node of heart. 


P 


THE EXPLORING ELECTRODE (P) IS DISTANT FROM THE FOCUS. 
HENCE, BOTH EDGES OF THE DIPOLAR WAVE (SHOWN HERE 
IN SIMPLIFIED FORM AS A SINGLE DIPOLE) WILL CROSS 
UNDER THE ELECTRODE. 


PREDICTED WAVEFORM: 


THE EXPLORING ELECTRODE IS IN OR VERY NEAR THE 
FOCUS. THE LEADING POSITIVE CHARGE IS INITIALLY 
ALREADY BEYOND THE ELECTRODE, IT WILL NOT CROSS 
UNDER THE EXPLORING ELECTRODE, THERE WILL NOT BE 
AN INITIAL SPIKE, THE TRAILING NEGATIVE CHARGE 
WILL CROSS UNDER, AND HENCE WILL PRODUCE A 
MONOPHASICALLY NEGATIVE WAVE. 


PREDICTED WAVEFORM: 


Fic. 4.—Simplified model, in which a single dipole represents two charged layers or rings. The 
figure is self-explanatory. 
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from the SA node and also compared with the observed wave form of the left 
side of the uterus. It will be observed that there is good agreement between the 
predicted and the observed wave form. Useful ideas flow out of this agreement, as 
will be discussed after a consideration of the next aspect. 

2. Prediction of the Wave Form in Pacemaker Areas.—If the equation as earlier 
described is examined for the case that the exploring electrode is in or near the 
focus or pacemaker, the new condition can be discussed first in terms of a more 
simplified model (Fig. 4). Here the leading ring of charge of the dipolar wave is 
represented by the single positive charge of a single dipole, and the trailing edge 
similarly represented by the single negative charge. Given the exploring electrode 
as shown, it can be observed that the leading charge is already beyond the electrode 
as motion begins; its contribution will be progressively decreasing. The trailing 
charge, however, does cross under the electrode; its contribution will rapidly increase 
to a maximum and thereafter trail off. A monophasic wave is thus indicated. 
Turning now to the derived equation, the value of the first elliptic integral will not 
be great, the modulus k is different from unity and will continually decrease. The 
second integral will have a very high value for k ~ 1, which condition is fulfilled 
when the trailing charge crosses under the exploring electrode. For this case, then, 
the predicted wave form is monophasic, as is shown in Figure 3 (lower group, left). 
Here the predicted wave form for a pacemaker area (organ unspecified) is compared 
with an electrogram from the SA node" of the heart and, in turn, with the right- 
side wave form of the uterus. There is interesting agreement, and on this basis 
arises the suggestion for the following hypothesis: (1) the human uterus in labor 
acts as a single-chambered auricle-like structure electrically; (2) in normal labor 
the uterus is under the hegemony of a single dominant pacemaker; (3) excitation 
would seem to spread radially, in a two-dimensional sense; and (4) present informa- 
tion points to a localization of the dominant pacemaker on the right side. 

It is shown, last, that on the organ level it is possible to predict the wave forms 
of excitation in pacemaker and non-pacemaker areas. This physicomathematical 
approach to an interesting biological problem has good potentialities. The wave 
forms of the human electrohysterogram have been presented and their implications 
discussed. 


* This research was supported by a grant-in-aid from the United States Public Health Service, 
RG-4462. 
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ACTION OF INSECT NEUROSECRETION UPON CENTRAL NERVOUS 
SYSTEM IN VITRO AND UPON BEHAVIOR* 
By 8S. Ozpasf ANb E. 8. Hop@son 
DEPARTMENT OF ZOOLOGY, COLUMBIA UNIVERSITY 
Communicated Ly Theodosius Dobzhansky, May 9, 1958 


The functional roles of neurosecretory products have usually been studied with 
respect to reproductive and developmental processes.':? Neurosecretory tissues 
have been implicated, however, as direct or indirect modifiers of over-all levels of 
activities, diurnal rhythms, and similar aspects of behavior.*: + Among the possible 
mechanisms for such behavioral effects are direct excitatory or suppressive actions 
of neurosecretory products upon central nervous functions. The present experi- 
ments were designed to test this hypothesis by observing the effects of neuro- 
secretory products applied to a central nervous system in vitro and by comparing 
the results with effects of the same neurosecretion upon the behavior of intact 
animals. 


MATERIALS AND METHODS 


The roaches Blaberus craniifer and Periplaneta americana were chosen as experi- 
mental animals because techniques for recording the activity of excised central 
nerve cords of roaches have been described,* the histological structures of neuro- 
secretory cells and associated tissues have been studied in these forms,® and the 
sizes of these particular species enable them to tolerate relatively large injections of 
fluids, as required in the experiments. Except as noted below, the sex or develop- 
mental stages of the experimental animals did not appear to be significant variables 
in experiments with either species, but adult roaches were routinely used because 
of greater ease in dissecting and injecting them. 

The neurosecretory system studied was the protocerebrum—corpus cardiacum 
corpus allatum system of the roach. This system is analogous to the hypothalamo- 
hypophyseal system of vertebrates but more easily accessible for experimentation.® 
Whole brains, corpora cardiaca, and corpora allata were dissected out from living 
roaches for testing. Comparable amounts of abdominal ganglion, muscle, and 
Malphigian tubules were used as control tissues in the tests. Histologic studies 
were made by fixing tissues in Bouin’s solution and staining with Gomori’s chrome- 
alum haematoxylin phloxine method. 

Freshly excised central nerve cords, including six abdominal ganglia, were sus- 
pended on hooked silver-silver chloride electrodes. Spontaneous electrical activity 
in the cord was amplified by a Grass P-5 capacity-coupled amplifier, tape-recorded, 
and photographed on the screen of a cathode-ray oscilloscope. This is essentially 
the method of Roeder.’ Experimental solutions were prepared by thoroughly 
crushing the glands or other tissues in 0.5-1.0 ml. of Pringle’s insect saline, the 
nerve cords being dipped into this solution for varying periods, ranging from 5 
to 60 minutes. Pringle’s saline alone was used for rinses and control applications. 

Behavioral tests were run by placing roaches, after abdominal injections of 
0.5-1.0 ml. of experimental or control solutions, into 8 X 12-inch plastic boxes, 
one roach to a box, each box having smoked kymograph paper tightly fastened to 
its floor. The roaches moved freely on the floors of these boxes for 6 hours, while 
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Fic. 1.—A-—E, spontaneous nerve activity in central nerve cord in vitro following 10-minute 
exposures to the following solutions: A, Pringle’s insect saline; B, saline plus 3 pairs corpora car- 
diaca; C, saline rinse; D, saline plus 4 pairs corpora cardiaca; £, saline plus abdominal ganglion. 
F, time base of 50 oscillations/sec. G-—L, smoked-paper records of roach activity during 6 hours 
subsequent to 0.5 ml. injections of saline plus the following materials: G, saline alone; H, 4 cor- 
pora allata; J, 4 corpora cardiaca; J, 1 whole brain; AK, abdominal ganglion; ZL, 2 corpora car- 
diaca. Note that only the corpora cardiaca produce the stereotyped marginal tracks and the 
marked reduction of activity in the CNS. 
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being kept in the dark at 25°C. The amount and pattern of movements of the 
roaches were automatically recorded by their scratchings on the smoked paper. 
Records were later made permanent by application of clear plastic. As expected,‘ 
the roaches exhibited differences in amounts of activity at various times of day, 
but such variations were always negligible in comparison with the effects of the 
experimental treatments. 
RESULTS 

1. Experiments with Central Nervous Systems in vitro.—Spike potentials of 
various amplitudes (30 ~ V—1.0 millivolt) were recorded from excised nerve cords 
exposed to Pringle’s solution. These spontaneous nerve impulses continued for 
periods up to 50 hours after excision of the cords, with very gradual decreases in 
the total numbers of neurons active. Exposure of the excised cores to solutions 
containing crushed corpora cardiaca resulted in a decrease in the amounts of nerve 
activity recorded (compare records A, B, C, and D of Fig. 1). Control exposures of 
the cords to similar extracts of brain, corpora allata, muscle, abdominal ganglia, 
or Malphigian tubules had no significant effects upon the amounts of spontaneous 
nerve activity recorded (compare C and EF, Fig. 1), thus ruling out osmotie or 
other nonspecific effects as an explanation for the action of corpus cardiacum extracts. 

Quantitative relationships between the amounts of corpora cardiaca and the 
number of spikes recorded from the nerve cord are exemplified by the following 
typical data, in which all concentrations are expressed as number of glands in 0.5 
ml. of saline: 0.5 corpus cardiacum produces a 14 per cent decrease in activity after 
a 40-minute exposure; 1 corpus cardiacum produces a 17 per cent decrease in 
activity after a 30-minute exposure; | pair of corpora cardiaca produces a 30 
per cent. decrease after 20 minutes; 2 pairs of corpora cardiaca produce a 57 per 
cent decrease after 10 minutes; 4 pairs of corpora cardiaca produce a 98 per cent 
decrease after 5 minutes. All effects of corpus cardiacum are reversed by 15-minute 
rinses of the cord in saline, following which the effects of the experimental solutions 
may be studied again on the same cord, as was done to obtain the data cited above. 

Inhibitory effects of corpora cardiaca have been studied in experiments upon 29 
nerve cords in vitro, with several exposures of each nerve cord to the experimental 
solutions. The possibility of a transient initial stimulation preceding the main 


depressant effect of the experimental solutions was checked by exposure of excised 
cords to low dosages (0.1 carpus cardiacum/0.5 ml/10 min) of the glandular material. 
In only 3 instances in more than 150 tests upon 29 cords was there any initial 


increase of nerve activity recorded prior to the onset of any depressant effects 
observed. These exceptional effects were small (less than 10 per cent transient 
increases in activity). Interpretations of these exceptional cases are discussed 
below. 

2. Behavioral Tests.—A typical roach, injected with saline or saline plus any of 
the control tissues, was hyperactive for a few minutes after injection, but then 
moved more slowly about in the test box, keeping its maxillary palpi and antennae 
in almost continuous motion and occasionally stopping to clean those appendages. 
Although there is always some tendency for the roaches to spend more time near 
the sides of the boxes, the control animals typically appeared to “‘explore’’ all 
accessible areas during the tests. Roaches injected with 2 or more corpora cardiaca, 
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once recovered from the immediate effects of the injection, move about in a more 
continuous but stereotyped manner, tracing a path around and around the margins 
of the container (compare records G—L, Fig. 1). Abnormal posture, apparently 
the result of decreased muscle tonus, is common in experimental roaches. The 
fullest development of symptoms is reached after several hours and subsides 
gradually during the following 24-96 hours, according to the dosage administered. 
With high dosages (6 corpora cardiaca), the animals may remain completely 
quiescent, even when stimulated. Twenty-four animals were injected with 1-6 
corpora cardiaca, and an equal number of animals were injected with control 
materials. 

3. Source of the Active Principle of the Corpora Cardiaca.—At least three sources 
of the active principle must be considered: (1) it may be neurosecretory material 
staining dark blue with chrome—alum haematoxylin, coming from the brain, and 
stored in the corpora cardiaca; (2) the active material may be produced within 
the corpora cardiaca themselves, as has been reported in other cases,’ or (3) in 
Blaberus the active material may be a neurosecretory material which is stained 
pink (by the phloxine) in the pars intercerebralis, corpora cardiaca, and connecting 
nerves. The latter material was seen, in addition to the blue-staining neuro- 
secretory material mentioned above, in all sections of Blaberus females, and in 4 of 
the 9 Blaberus males studied histologically. Although this pink-staining neuro- 
secretory material has been seen by other workers,’ its occurrence and significance 
have never been studied in detail and will form the subject of a future report. 
Since no significant differences were noted between corpora cardiaca from Peripla- 
neta and from Blaberus, although the pink-staining material is limited to Blaberus, it 
was concluded that the pink material cannot be the active principle involved here. 

To distinguish between intrinsic and neurosecretory products accumulated in the 
corpora cardiaca, 44 operations were performed in which the nerves between the 
pars intercerebralis and the corpora cardiaca were sectioned. Eight animals died 
within 3 days of the operation, and the corpora cardiaca of the survivors were 
examined histologically 18-39 days after the operation. The corpora cardiaca 
from these operated animals contained relatively small amounts of the blue- 
staining material. (There was also less pink-staining material in corpora cardiaca 
of Blaberus.) When tested upon the nervous system and behavior, the effects of 
corpora cardiaca from operated animals were invariably less than the effects of 
glands from unoperated animals. A typical comparison, carried out on one nerve 
cord, is as follows: initial frequency of impulses during one second, 127; after 5- 
minute exposure to 5 glands from unoperated animals, 6; after 15-minute rinse, 
119; after 5-minute exposure to 5 glands from animals operated 18 days previously, 
93; after rinse, 137. The most probable explanation for these observations seems 
to be that the active principle involved is the neurosecretory material which 
stains blue with Gomori stain, or else it is some as yet unknown neurosecretory 
substance which also passes from the brain to the corpora cardiaca. 


DISCUSSION 
Any attempt to relate these observations to normal functions of the corpora 


eardiaca would currently be handicapped by ignorance of the normal rate of release 
of neurosecretory products from the corpora cardiaca, the possible relationships of 
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this process to nerve impulses passing along the nervi corporis cardiaci, and many 
other factors potentially involved. The striking and specific effects of 2 or more 
corpora cardiaca upon isolated nerve cords or upon intact roaches make it reason- 
able to postulate that even considerably smaller amounts of neurosecretory material, 
such as are probably released from the glands under normal circumstances, should 
have significant, although doubtless more subtle, neurological and behavioral 
effects. 

The exceptional occurrences of slight stimulation in 3 of our cases involving 
low dosages raises the question whether stimulation or “‘tranquilization” of the 
central nervous system would be produced by the normal, presumably much lower, 
concentrations of the neurosecretory materials released from the glands. Apart 
from these exceptions, however, neither stimulation of isolated cords nor hyper- 
activity of intact animals was detected at the beginnings or late in experiments, 
both times when relatively low concentrations of the active principle would pre- 
sumably be present at the sites of action. It is coneluded, therefore, that present 
evidences for stimulatory effects of the active substance upon spontaneous nerve 
activity in the central nervous system are inadequate, the only consistently detected 
effect upon the central nervous system being a depressant action. 

The decreased co-ordination and lack of certain complex behavior patterns, such 
as cleaning movements, etc., in the experimental animals is undoubtedly related to 
the integrative functions of the central nervous system. Continuous stereotyped 
movements following surgical disruption of central nervous pathways in insects 
have been observed previously by others.’ As an example of observations relating 
neurosecretion and behavior in other arthropods, Edwards ' reported that removal 
of eyestalks (containing neurosecretory material in sinus glands) decreased co- 
ordination in the crab Uca, although unco-ordinated activity persisted. Behavior 
of roaches lacking corpora cardiaca did not appear to differ significantly from that of 
control animals in our experiments. This, however, is not too surprising since the 
source of the neurosecretory material is not removed by this operation. Experi- 
ments are under way to test the effects of sinus gland hormone upon the spontaneous 
activity of the central nervous system and upon the behavior of Crustacea under 
conditions similar to those used in the roach tests reported here. 


SUMMARY 


Extracts of whole corpora cardiaca of the roaches Periplaneta americana and 
Blaberus craniifer decreased the frequency of spontaneous nerve impulses in roach 
central nerve cords in vitro. Injection of the extracts into whole intact roaches 
caused decreased co-ordination and more stereotyped locomotor behavior. Surgical 
and histological evidence indicates that the active principle in the corpora cardiaca 
is a neurosecretory product coming from the brain. 

* This investigation was supported by grants (-1010, E-2271) from the National Institutes of 
Health, U.S. Public Health Service, and by the Higgins Fund of Columbia University. It is a 
pleasure to acknowledge the helpful suggestions of Dr. Berta Scharrer regarding portions of this 
work, although responsibility for the conclusions rests entirely with the authors. 

+ Permanent address: Department of Zoédlogy, University of Ankara, Turkey. 

1B. Scharrer, Publ. staz. zool. Napoli, 24 (Suppl.), 38, 1954. 

2 E. Scharrer, Publ. staz. zool. Napoli, 24 (Suppl. ), 8, 1954. 





830 ZOOLOGY: OZBAS AND HODGSON Proc. N.AS. 


°§$. Zuckerman, Publ. staz. zool. Napoli, 24 (Suppl.) 21, 1954. 

* J. E. Harker, Biol. Revs. Cambridge Phil. Soc., 33, 1, 1958. 

5K. D. Roeder, J. Cellular Comp. Physiol., 31, 327, 1948. 

§ B. Scharrer, Biol. Bull., 102, 261, 1952. 

78. Ozbas, Comm. Faculté Sci. Univ. Ankara, 8, 45, 1957. 

8 B. Scharrer, personal communication. 

°K. D. Roeder, “Reflex Activity and Ganglion Function” in Insect Physiology, ed. K. 
Roeder (New York: John Wiley & Son, 1953). 

© G. A. Edwards, Physiol. Comp. et Gecol., 2, 24, 1950. 





INFORMATION TO CONTRIBUTORS 


Tue Proceepines is the official organ of the Nationa AcapEMy oF ScIENCES 
and of the Natrona, Researcu Councit for the publication of brief accounts of 
important current researches of members of the Acapemy and of the CounctL and 
of other American investigators. The ProcrEpinGs will aim especially to secure 
prompt publication of original announcements of discoveries and wide circulation of 
the results of American research among investigators in other countries and in all 
branches of science. 


ArticLes should be brief. The viewpoint should be comprehensive in giving the 
relation of the paper to previous publications of the author or of others and in ex- 
hibiting, where practicable, the significance of the work for other branches of science. 
Elaborate technical details of the work and long tables of data should be avoided, 
but authors should be precise in making clear the new results and should give some 
record of the methods and data upon which they are based. 


Manuscripts should be prepared with a current number of the PRocEEDINGS as a 
model in matters of form, and should be typewritten in duplicate with double spac- 
ing, the author retaining one copy. Illustrations should be confined to text figures 
of simple character, though more elaborate illustration may be allowed in special 
instances to authors willing to pay for their preparation and insertion. Particular 


attention should be given to arranging tabular matter in a simple and concise man- 
ner, 


MANuscripts will be accepted only from members of the Academy who will as- 
sume responsibility for the propriety and scientific standards of the paper and for 
any printing costs in excess of those allowed them by the Academy. Manuscripts 
should be addressed to Tue PrRoceeDINGs OF THE NATIONAL ACADEMY OF SCIENCES, 
2101 Constitution Ave., Washington 25, D. C. 


GALLEY PROOF will be sent, with the understanding that charges for author’s cor- 
rections shall be billed to him. Author should therefore make final revisions on the 
typewritten manuscripts. Original artwork or figures cannot be returned unless a 
request is made when the manuscript is submitted. Page proofs will not be sent. 


REPRINTS should be ordered when proof is returned on the reprint order form 
which will be inclosed with the proof. The order blank gives a tabular estimation 
of the cost of reprints; a copy will be supplied at any time upon request. 





CONTENTS 


BIocHEMISTRY.—-ENzyMaTIC FORMATION OF ADENYL TRYPTOPHAN: ISOLATION AND 
IDENTIFICATION . By Henry S. Kingdon, Leslie T. Webster, Jr., and Earl W. Davie 
CuHemistry.—A Pssupovector NvcLeEAR HyperFINnE INTERACTION 
; By Harden M. McConnell 
Gunerics. —On THE Narore OF THE GARNET Locus in DrosopHILaA MELANOGASTER... 
DoE aa aa es ; By W. M. Hexter 
Genetics.—AcTION oF RADIATION ON MAMMALIAN CeE.tLs III. RELATIONSHIP BETWEEN 
REPRODUCTIVE DEATH AND INDUCTION OF CHROMOSOME ANOMALIES BY X-IRRADIATION 
or Evpitom Human CELts 1n Vitro ye . By Theodore T. Puck 
GropuHysics.—SgEismic SurnraceE Waves at PALiIsapEs rRoM ExpLosioNns IN NEVADA AND 
THE MarRsHALL IsLANDS . By Jack Oliver and Maurice Ewing 
MATHEMATICS.—SURPACE OF GIVEN Space-CurvE Bounpary . By G, C. Evans 
Matuematics.—Nore on a Ciass or Dirrusion Equations . ._. By Roger H. Geeslin 
MATHEMATICS.—ON THE PurRITY oF THE Brancu Locus or ALausnaic FUNCTIONS. . 
: By Oscar Zeriehi 
Marammasics. —Rewanxs ON A ‘Param or Zanmar ON THE Puarrr or Brancno Loci .. 
ip har Zag By Masayoshi Nagata 
Puraca. —Raproacrive Fatour Ope ce Of Bp WE dale 
PuysioLocy.—TxHe HuMANn ELEcTRouYsrsnoGRaM: Wave Forms AND IMPLICATIONS... 
; By 8. D. Larks, Ph.D. 
Zob.oey.— ACTION OF > Neunosacanrson t UPON Cawras: Nervous System in VITRO AND 
UPON BEHAVIOR . Se Hoe ee os as Onban end &. 8. Radgeen 





